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Abstract  
 
A new method of synthesis of carbon nanowalls using acetylacetonate as metal organic 
precursor is presented. The films were deposited in ICP-CVD generated argon plasma by 
varying gas flow rate, plasma power, substrate temperature and reactor pressure. The 
precursor-feeding rate into the plasma chamber was controlled by the argon gas flow. No 
catalyst or other carbon gas source was added to deposit such structures.  
The wall size of CNWs was strongly influenced by the aluminium content present inside 
the film, plasma parameters like substrate temperature, plasma power and gas flow rate. 
The smallest wall size observed was 5nm. All films were analysed using SEM, XRD, 
Raman and TEM techniques in order to characterize the morphology of the samples. 
XPS, EDX, SIMS, and NRA were used for chemical analysis.  
The structuring of CNW layers was performed successfully with a pulsed power laser. 
The resulting cathodes exhibited fairly aligned and efficient field emission (FE) at onset 
fields for 1 nA of 10-20 V/µm. Local FE measurements of selected CNW patches revealed 
promising maximum current values up to about 100 µA. 
Aluminium oxide films were observed when deposited in oxygen/argon plasma. 
Investigated films consisted of a mixture of polymorphs like , , , - Al2O3.  
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Abstract 
 
Es wird ein neues Verfahren zur Synthese von Carbon Nanowalls mit Acetylacetonat als 
metallorganischem Precursor vorgestellt. Die Schichten wurden in einem ICP-CCP 
generierten Argon-Plasma unter Variation der Gasflussrate, Plasmaleistung, 
Substrattemperatur und Arbeitsdruck abgeschieden. Die Precursor-Zufuhrrate in die 
Plasmakammer wurde durch den Argongasstrom gesteuert. Es wurden weder ein 
Katalysator noch Kohlenstoffgas hinzugefügt. 
Die Größe der CNWs wurde stark vom Aluminium-Gehalt in der Schicht, von Plasma-
Parametern wie Substrattemperatur, Plasmaleistung und Gasfluss beeinflusst. Die 
kleinste gemessene Wandgröße war 5 nm. Alle Filme wurden mittels REM, XRD, Raman 
und TEM-Verfahren untersucht, um die Morphologie der Proben zu charakterisieren. 
XPS, EDX, SIMS, und NRA wurden zur chemischen Analyse verwendet. 
Die Strukturierung der CNW Schichten wurde mit einem gepulsten Laser durchgeführt. 
Die damit hergestellten Kathoden weisen eine gut ausgerichtete und effiziente 
Feldemission (FE) von 1 nA bei Feldern von 10-20 V/µm auf. Lokale FE-Messungen 
ausgewählter CNW Patches zeigten vielversprechende maximale Stromwerte bis zu etwa 
100 µA. 
Aluminiumoxid-Schichten wurden beobachtet, wenn in einem Sauerstoff/Argon-Plasma 
abgeschieden wurde. Die untersuchten Schichten bestanden aus einer Mischung von 
Polymorphen wie  , ,  und - Al2O3.  
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1. Introduction 
 
Recent years have seen a rapid growth of interest in carbon nanostructures because of their 
various applications in electro-chemical devices, field emitters and sensors [1,3,4]. The 
discovery of carbon nanotubes by lijima [2] has attracted the interest of researchers in 
graphite like materials. Simultaneously, two dimension carbon structures have also been 
discovered in various forms like carbon nanohorns [5], carbon nanoflakes [6], carbon 
nanoflowers [7], carbon nanosheets [8] and carbon nanowalls. The major applications of 
two-dimensional carbon nanostructures can be electron field emitters and capacitor 
electrodes. In 2002, Wu et al. [9] observed for the first time carbon wall-like structures 
which were perpendicular to the substrate. They were called carbon nanowalls (CNWs). It 
was studied by TEM that CNWs consist of few graphene sheets standing on the substrate.  
1.1. Various dimensionality of carbon based 
structures  
 
The property of the bulk material depends on the chemical element and the type of 
chemical bonds. The bonding of a chemical element forms the material by holding atoms 
and molecules together. However, on the nanometer scale, this phenomenon no longer 
exists. Moreover, the chemical bonding, dimensionality and the shape are important 
factors to determine the properties of a material. Except nanodiamond, most of the carbon 
nanostructures are self-organized graphite nanostructures composed of graphene. 
Graphite nanostructures may be classified by their grown dimension as shown in Figure 
1. According to the dimensionality carbon materials can be divided into the following 
categories: 
 Three-dimensional (3D) (Diamond, Graphite) 
 Two dimensional (2D) (Graphene) 
 One dimensional  (1D) (Carbon nanotubes) 
 Zero dimensional (0D) (Fullerenes) 
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The basic difference in 2D and 3D is considered by the number of layers of atoms. For 
example, a single layer of an atomic crystal is considered as 2D carbon whereas 100 
layers of carbon form the 3D graphite material [10]. 
If we focus on work done on carbon nanomaterials in the past, we find that in the last two 
decades, a lot of work has been done on 0D and 1D carbon nanomaterial [12-16]. 0D 
carbon (Bucky balls) is formed by wrapping 2D sheets. Fullerene is one of the examples 
of it. In 1985, Harold Kroto [17] discovered carbon clusters containing C60 [16] and C70 
molecules. This discovery helped to determine the properties of fullerenes based on its 
atomic bonding between carbon atoms and its shapes.  
Carbon science went on one step further with the crucial discovery of carbon nanotubes in 
1991 [1]. Since the discovery of carbon nanotubes by Iijima, carbon nanostructures of 
various dimensionalities have become an attractive topic of research. One dimensional 
carbon structures (carbon nanotubes, carbon nanofibers) have proven to be applicable in 
electrochemical devices, electron field emitters and hydrogen storage material. The 
carbon nanotube (CNT), one dimensional carbon, is the form of rolled 2D graphene in 
one direction. CNTs showed their unique structure and properties and hence are studied 
widely. CNTs are a good example for excellent mechanical properties, and chemical 
inertness and high aspect ratio (length /diameter). CNTs can be metal or semiconductors, 
which offer a wide range of electronic properties. Hence, previous researches were 
mainly focused on 0D zero dimensional and 1D one dimensional nanostructures 
1.2. Discovery of two dimensional carbon 
nanostructures 
 
Graphene is as a basic building block of 0D, 1D and 3D materials [11]. An ideal graphene 
sheet will spread flat, and this can be classified as two dimensional carbons. Before the 
experimental proof of stability of 2D graphenes [11], 2D nanomaterials have been 
avoided. This can be because 2D crystals were considered instable in ambient 
environment [18-20]. 70 years ago, Peierls and Landau discussed that “a divergent 
contribution of thermal fluctuation in 2D crystal lattices should lead to such displacement 
of atoms that they become comparable to inter-atomic distances at any finite temperature” 
[18-19]. That means graphene can be theoretically described and believed as unstable in 
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an ambient environment. Wu et al. discovered the growth of two dimensional carbons 
(well separated graphene sheets) together with carbon nanotubes by microwave PECVD 
[9].  
 
 
Figure 1: 2D graphene is the basic building block of all other types of carbon 
dimensionalities. It can form 0D Bucky balls, 1D nanotubes and 3D graphite.  (Ref [11]) 
 
Later on, the combined growth of CNWs and carbon nanotubes have been published in 
2007 [21]. This shows that the growth mechanism has a correlation between both 
materials. Many other kinds of materials have also been discovered with the discovery of 
fullerene and CNTs like WS2, MoS2, NbS2, BN, BC2N, BC3, NiC2, and CN [22-26]. Such 
materials have a layered structure in bulk form. When the thin 2D layers decrease into 
one direction and form a single sheet, 2D sheet becomes unstable and form a curved or 
rolled-up material. 
This is the basic phenomenon for the formation of materials like fullerenes, cages, cones, 
and tubes. Such nanomaterials have electronic, mechanical, optoelectronic, and magnetic 
applications because of their unique shape and symmetry. Special attention was drawn in 
the past to carbon nanotubes because they can be a metal or a semiconductor, depending 
on the rolling direction in which the graphene sheet is rolled up to form the tubular 
structure. This unique feature of carbon nanotubes made it attractive for electronic [27-
29], optoelectronic [30] and sensor [31-32] applications. Hence it became very popular 
for further research. Moreover, 2D graphite sheets are studied in an open boundary. 
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Furthermore, it has more surface area (twice than 1D) than a close boundary like carbon 
nanotubes and sharp edges. This makes a 2D structure more attractive than 1D rolled-up 
structures for chemical and biosensor applications and sharp edges are promising for field 
emission application [10]. 
1.3. Brief description of CNWs 
 
Two dimensional CNWs are nanostructured graphite sheets with edges, which are 
composed of planar graphene sheets standing vertically on the substrate. The sheets are 
few nanometers thick and form a network of wall type structures. The most important 
features of CNWs are high aspect ratio, large surface area and sharp edges. Hence, CNWs 
can be very useful in nanoelectronics. The most common tool for fabrication of CNW is 
chemical vapor deposition. It is well known that CNWs and similar structures have been 
grown using various CVD methods such as RF capacitively coupled plasma assisted by H 
radical injection [33, 34], radio frequency inductively coupled plasma [35], electron beam 
excited plasma [36], microwave plasma [9, 37, 38], DC plasma [39] hot filament CVD 
[40, 41], helical wave plasma [42], and by sputtering of a glassy carbon target [43]. 
1.4. Fabrication of CNWs 
 
Chemical vapor deposition is a common method for the fabrication of CNWs. However, 
some reports have been published on the growth of CNWs by physical deposition [43]. 
The morphology and structure of CNWs films depend on the source gases, the pressure, 
the substrate temperature, as well as the type of plasma used for the growth of CNWs. It 
is observed that CNWs are a kind of porous film having honeycomb network structure, 
and are segregated nanosheets vertically standing on the substrate. CNWs are highly 
branch type carbon nanostructures. To find new applications, an isolated, aligned 
structure and a moderate spacing between the sheets are desired. For example, for 
electron field emission applications thin and sharp edges and moderate spacing are 
required. Similarly, for membrane filter applications, a honeycomb structure with 
controlled spacing between the sheets is required. However, for gas storage applications 
less aligned, dense CNWs with large surface area are promising.   
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Synthesis methods of CNWs are similar to those used for diamond films and carbon 
nanotubes. Typically, gases like CH4 and H2 and additionally argon are used as source 
gases for the synthesis of CNWs. Similar to the deposition of diamond microwave plasma 
and inductively coupled plasma are suitable. For the growth of CNWs, high density 
plasma is necessary for the efficient decomposition of H2 molecules. To date, following 
methods have been used for the production of CNWs:   
 Microwave plasma, 
 Radio frequency (RF) inductively coupled plasma,  
 RF capacitively coupled plasma assisted by H radical injection,    
 Helicon wave plasma,  
 Electron beam excitation plasma, 
 Hot filament CVD,  
 Sputtering of graphite target  
1.4.1. Synthesis of CNWs by microwave PECVD 
 
The microwave plasma is one of the high density plasmas and is suitable for decomposing 
H2 molecules to generate H atoms effectively. In general, two types of models are used to 
fabricate CNWs: NIRIM (The National Institute of Research of Inorganic Materials, 
Japan) type and ASTeX (Applied science and technology, Inc) type.  
In case of the NIRIM-type, MWPECVD systems with simple reactors are used having 
flexible positions of the substrate in the plasma. A CH4/H2 plasma is generated in a 
cylindrical quartz tube, which intersects a rectangular waveguide; the plasma provides the 
substrate heating.  
The ASTex type reactor consists of a cylindrical stainless steel chamber. A discharge 
from the microwave (2.45 GHz) is coupled from a rectangular waveguide into the cavity 
via an axial antenna called plasma ball. This plasma ball provides the substrate heating. In 
this system, at too high pressure or low microwave power, the plasma cannot be 
sustained. The CVD process would be operated at a pressure of a few tens of mbar. The 
reactor pressure and microwave power cannot be independently varied. On the other 
hand, if the microwave power is too high for a given pressure, the plasma becomes 
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unstable and tends to jump to the quartz window. Wu et al. reported the synthesis of 
CNWs on various substrates using the NIRIM-type MWPCVD reactor [9, 10, 46, 47]. 
They successfully investigated the effects of the gas flow rate ratio and the electric field 
on the formation of CNWs and also studied field emission and electrical transport 
properties. Typically, CNWs were grown employing a mixture of CH4 and H2 at a total 
pressure of 0.0013 bar and with a substrate heating to 650-700°C. Chaung et al. [37] 
reported the growth of CNWs using ASTex type reactor and investigated field emission 
properties. 
1.4.2. Synthesis of CNWs by ICP-CVD 
 
The inductively coupled plasma is high density plasma and especially used to etch 
materials like Si, SiOx, SiNx and metal films in large scale integration fabrication 
processes. The plasma is contained inside a chamber which is surrounded by an inductive 
coil antenna. The ICP is operated at a relatively low pressure below 100 mbar (10 Pa). 
Two kinds of ICP have been designed: planar and cylindrical. 
 In the planar geometry, the coil antenna of flat metal wound in spiral works like an 
electrode. In cylindrical geometry, the antenna is wound like a helical spring. The 
inductive mode plasma density is much higher than the capacitive mode plasma density. 
In case of planar geometry, RF power is inductively coupled into the process chamber 
with a planar-coil antenna through a quartz window. When a time-dependent electric 
current is passed through the RF coil antenna located on the quartz window, it creates a 
time-dependent magnetic field around it. It in turn induces the azimuthal electric current 
in the gas inside the chamber, leading to a breakdown and the production of high density 
plasma.   
1.4.3. Synthesis of CNWs by electron beam excited 
PECVD 
 
Electron beam excited plasma (EBEP) is high density plasma, which is directly 
introduced by a high current and low energy electron beam [44]. The electron beam 
energy and the electron current can be controlled independently by changing the 
accelerating voltage and discharge current. By setting the electron beam energy close to 
plasma 
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the energy corresponding to the maximum electron impact ionization cross-section of 
source gases, highly ionized and dissociated plasmas can be produced even at low 
pressures. Mori et al. [36] produced high density CNWs at a substrate temperature of 
570°C, and a total pressure 2.6 Pa. However, in this case, vertical alignment of CNWs 
was poor.   
1.4.4. Synthesis of CNWs by hot filament CVD 
 
Hot filament CVD has been commonly used to grow diamond films since long. It was 
also used for CNWs growth. Itoh et al. [45] have reported CNW films employing only 
CH4 gas and a mixture with H2, respectively. The substrate temperature is reported to be 
500°C and 800°C. Itoh et al. reported field emission properties of CNW films showing a 
turn on field of about 2.6 V/µm. The CNWs fabricated by HFCVD method seem less 
aligned compared to those fabricated by plasma enhanced CVD and microwave plasma 
CVD. This suggests that an electrical field or ionic species contribute to the growth of 
CNWs. 
1.5. Characterization of CNWs 
 
CNWs have been characterized by scanning electron microscopy, transmission electron 
microscopy, Raman spectroscopy, X-ray diffraction, X-ray photo electron spectroscopy, 
secondary ion mass spectroscopy and spectroscopic ellipsometry. Considering a variety 
of possible applications of CNWs, the important factors for studies are the growth 
controls of CNWs including spacing, thickness, morphology, crystalline and electrical 
properties. CNWs have a high density of atomic scale graphitic edges that are potential 
sites for electron field emission. This might lead to applications in flat-panel displays and 
light sources. Researchers have studied the field emission properties from CNWs and 
related structures. The key properties of CNWs are vertically standing walls with a high 
surface to volume ratio which makes them ideal gas storage materials. Several 
nanoparticles such as Ni, Co, Ni, Fe and Pt were also deposited on the surface of CNWs. 
CNWs were also used as a template for synthesizing mesoporous materials with high 
surface areas. CNWs care expected to be a source of high mobility and large 
sustainability current and can be used for applications as electrodes of batteries and 
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electro chemical sensors. In the following Table 1 there is a brief summary of the 
characterizations of CNWs done so far. 
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Table 1: Brief summary of the characterization of CNWs done so far 
 
Fabrication Technique Working Gas Substrates Growth 
Temperature 
Characterization Methods 
Microwave plasma 
enhanced CVD 
[9,10,37 46,47, 48] 
H2:CH4=5:1, 
H2:CH4=4:1 or 
H2:C2H2=16:1 
Si, stainless steel, Cu, 
GaAs, and sapphire 
substrates coated with NiFe, 
CoFe, FeMn, and CoCrPt 
catalysts. 
650-700 ºC SEM, TEM, Raman, field 
emission, and transport 
measurement  
DC arc-discharge 
Evaporation[49] 
Graphite and H2 Graphite 25 ºC SEM, TEM 
RF-Capacitively 
coupled PECVD 
[33,34,36] 
H2:CH4, 
or H2:CF4, 
or H2:C2F6 
Si, fused silica, 
Si, SiO2, Al2O3, Mo, Zr, Ti, 
Hf, Nb, W, Ta, Cu, Steel 
Sapphire 
500-900 ºC SEM, Raman, transport 
Properties 
RF PECVD[40] Ar:C2H2:H2 
=500:8:1 
SiO2 capped with 5 nm Ni > 600 ºC SEM, Raman and XRD 
Catalytic CVD [45] CH4 Stainless steel, Ni on 
quartz substrate 
400-500 ºC SEM, Raman,  
field Emission 
Hot filament CVD 
[50] 
H2 and C2H2(3- 
15%) 
Si 400-700 ºC SEM, XPS, Raman,  
field emission 
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1.6. Film deposition in oxygen plasma  
 
CNW films can be deposited under oxygen plasma to improve random orientation for the 
large plane sheets [52]. In this work, films were grown by continuous delivery of argon 
gas, which is the carrier gas of precursor (aluminium acetylacetonate). Oxygen gas 
introduced directly in the plasma chamber at various flow rates. No carbon content could 
be found in the film. Aluminium acetylacetonate reacts with oxygen to form aluminium 
oxide. Hence, amorphous and crystalline films of Al2O3 were observed. It is well known 
that aluminium oxide coatings exhibit advantageous mechanical properties as well as high 
chemical inertness and oxidation resistance at high temperature. Hence, this material is 
suitable for corrosion protection and as a diffusion barrier [53, 54], advanced dielectrics 
[55], optical coatings [56] and electro-chromics. The film constitution, like different 
polymorphs (α, k, δ, γ-Al2O3) and amorphous alumina, depends on the deposition 
condition. The thermodynamically stable phase is alpha alumina, and is very often 
favored in high temperature and high load applications. Further, k and gamma have also 
proven to be suitable alternatives. However, several reports have been published on 
aluminium oxide films and reported low temperature deposition of alpha alumina. It is 
well known that the use of energetic particles in plasma deposition can dramatically 
influence the substrate temperature. A significant decrease of temperature in the 
formation of alpha alumina was reported using pulsed magnetron sputtering (>760°C) 
[57]. It also demonstrated that PECVD may be engineered to deliver a self-limiting 
growth of metal oxides using pulsed power modulation [57] and also being developed for 
the deposition of metal oxide/ alumina films. However, few groups have reported 
substrate temperatures sufficiently low to allow the deposition on tool steels (500°C - 
900°C), α alumina at temperatures lower than 500°C is only based on homo-epitaxial and 
localized epitaxial growth on chromia templates, and the deposition rates were not 
compatible with the requirement of the tool coating industries. Few groups have reported 
film formation using plasma enhanced CVD.  Due to the insulating properties of alumina 
utilization of either a high frequency or a pulsed DC discharge is necessary. By driving a 
discharge amorphous alumina was reported from 200°C to 600°C [58]. The formation of 
mixtures of γ and α alumina or a pure α alumina by utilizing a bipolar pulsed DC 
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generator at 650°C substrate temperature was also reported [59]. Hence, the deposition of 
α alumina coating at low temperature as well as good film quality remains challenges.  
1.7. Objectives 
 
The focus of this study is the fabrication and characterization of 2D carbon nanowalls. In 
the early work, CNWs were mainly formed by using H2 and reactive organic gases 
(carbon sources). In order to go one step further, we introduce a deposition method by 
metal organic precursor. In this process, there is no need of introducing any organic gas 
or additional H radicals. Following the systematic study of the effect of aluminium on the 
morphology of the CNWs and its electron emission properties, we shall carry out the 
deposition at various substrate temperature, argon gas flow and plasma power.  
More importantly, we could also draw some conclusions to achieve high quality CNW 
devices. High quality CNWs devices are very important in further investigation for 
uniform field emission properties of CNWs. Special attention has been given to answer 
the following questions/tasks: 
 Is it possible to deposit CNWs without using organic gas and without injecting H+ 
radicals additionally? 
 To investigate the possibilities of the film depositions at various plasma 
conditions and study the effect on morphology as well as field emission 
properties.  
 Is Al improving the properties of the films? How does it affect the morphology of 
CNWs?  
 Deposition in O2/Ar plasma results alumina films or is it possible to deposit 
CNWs in this condition too?  
 How do the edges and defects affect the properties of CNWs? 
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1.8. Organization of the thesis 
 
The thesis begins with a brief background on CNWs. The next chapter describes a brief 
overview of the work done so far on graphene-based structures. Chapter 3 includes an 
introduction of sample preparation, procedures and measurement techniques and the 
characterization methods of CNWs. Structural analysis like Raman spectroscopy, 
scanning electron microscopy, tunneling electron microscopy and chemical analysis by 
X-ray photon spectroscopy, electron diffraction method, secondary ion Mass 
spectroscopy, nuclear resonance analysis are introduced. The measurement setup and 
characterization techniques of electric field emission properties of CNWs are discussed in 
chapter 3. The chapter 4 discusses the results of characterizations of the CNWs. Then 
field emission properties of CNWs are discussed in chapter 5. Later, Aluminium oxide 
films are studied in detail for different mechanical applications. Finally, the work is 
summarized and is followed by brief comments on the future prospects of CNWs. 
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2. Graphene based structures 
 
Chapter one introduced 2D carbons such as CNWs and the innovative method to deposit 
the aluminium doped CNWs in inert gas atmosphere as well as alumina deposition under 
oxygen atmosphere. Now we know CNWs are composed of a few layers of graphene. 
Hence, a basic introduction is necessary discussing about graphene based structure. This 
chapter is an overview of graphene-based structures such as graphene bi-layer or 
multilayer, graphene nanoribbons, nanoflakes or nanodots, two-dimensional carbon 
sheets and carbon flowers. The detailed background is necessary to convince the reader 
that 2D carbon nanostructures are worth investigating. 
Theoretically, graphene is the two-dimensional form of carbon. The hexagonal 
arrangement of carbon atoms is the base of all kinds of graphite structures like carbon 
nanotubes, fullerenes and carbon nanowalls. The synthesis of  two-dimensional atomic 
crystals like graphene, have usually failed ending up with nanometer-sized crystallites. 
This happens because during synthesis, graphene collapses into other carbon allotropes 
due to its large edge to surface ratios. Synthesis of graphene finished the common belief 
that two-dimensional crystals cannot exist.  
2.1. Synthesis of Graphene 
 
Thin film can be synthesized by following two methods: 
 Top - Down method  
 Bottom - Up method  
 
Top-down fabrication is a subtractive process starting from bulk materials to small size 
structures. Bottom-up fabrication is an additive process that starts with precursor atoms or 
molecules to make nanomaterials. The most common top-down fabrication method is 
mechanical exfoliation from bulk graphite.  
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Figure 2: Graphene based structure 
2.2. Top-down methods 
2.2.1. Micromechanical cleavage 
 
Micromechanical cleavage process can be explained by a graphite lead pencil. Writing 
with a graphite pencil creates graphene sheets spread over the paper. However, this 
method leaves many sheets of graphene with uncontrollable thickness at random places. 
Hence, it is very difficult to locate such monolayers of graphene sheets. This problem was 
for the first time resolved in 2004 by producing graphene by micromechanical exfoliation 
[61]. It is nothing but repeated peeling of a small amount of highly oriented pyrolytic 
graphite by means of an adhesive tape. This approach is good for the production of pure, 
mobile promising of optoelectronic graphene sheets. This method is the best choice for 
fundamental research to obtain single layer graphene (SLG). However, for large-scale 
industrial purposes, this method is quite impractical. The production of graphene in large 
scale is necessary for the industrial application. Another method of the fabrication of 
graphene in the top-down manner is liquid phase exfoliation. [86] 
2.2.2. Liquid-phase exfoliation 
 
This is a wet chemical dispersion process in either aqueous [62] and non-aqueous 
solvents [63] followed by ultra-sonication. Dispersion by mild sonication in water with 
sodium deoxycholate is widely used followed by a sedimentation-based 
ultracentrifugation that can result in single layer graphene sheets. Liquid phase exfoliation 
is also used to produce graphite-intercalated compounds [64] and expandable graphite 
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[65]. Graphite flakes are typically in a solution. A long sonication time is needed to break 
the van der Waals force in graphite. However, from this method, small flakes can also be 
produced. Graphite flakes and graphite ribbons with the extent of some nanometers can 
be obtained by liquid phase exfoliation [66]. This offers stability and there is no need for 
an expensive growth substrate. 
2.2.3. Carbon segregation  
 
This method is nothing else but the segregation of carbon from a different surface. For 
example, carbon can be segregated from silicon carbide [67, 68, 69] (SiC) or metal 
substrates [70, 71, 72, 73, 74] followed by high temperature annealing. High quality 
graphene was deposited on a SiC substrate and in argon atmosphere [75]. The quality is 
enhanced when treated with Hydrogen [76]  
2.2.4. Chemical synthesis 
 
Graphene layers or carbon nanosheets have been produced by chemical synthesis [77]. 
From the organic synthesis, graphene like polyaromatic hydrocarbons have been 
produced [78]. Chemical synthesis is used for the fabrication of larger layers. 
Furthermore, atomically precise large layer graphene can be obtained from this method. 
Chemical synthesis is the method by which ordered layers with precise control of 
orientation and spacing [79] are achieved. Hence, this method is also good for the 
production of graphene because of the good parameter control, especially for tuning the 
optoelectronic properties. 
2.2.5. Transfer Printing  
 
Transfer printing is very common in semiconductor manufacturing. Xiaogan Liang et al. 
[81] fabricated high-quality graphene by transfer printing method. In this method, firstly, 
one has to lithographically pattern pillars onto a stamp, then apply the stamp (with 
pressure) to a fresh graphite surface, and then lift it off. Now the pillar has to be stamped 
on to the desired surface (ex SiO2 surface) [80, 81]. Kim et al. used a dry method based 
on a poly di methyl siloxane stamp to transfer patterned films [82]. Reina et al. reported 
[80] the transfer of single layer graphene and few layers graphene from SiO2/Si to other 
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substrates. A layer of poly methyl methacrylate (PMMA) was coated on graphene 
deposited on SiO2, then subsequently detached by partial SiO2 etching. 
 
Figure 3: Synthesis of graphene by transfer printing 
 
The PMMA/graphene membrane was then placed over the target substrate, and PMMA 
was dissolved with acetone. Bae et al. [85] scaled the process to layer-by-layer transfer 
onto plastic substrates. A water layer [86] was placed between the PMMA/graphene foil 
and the substrate so that, the PMMA could move. By this method, any substrate can be 
used and the position of the placement can be defined independently.   
2.3. Bottom- Up methods 
2.3.1. Chemical vapor deposition 
 
The bottom-up approach starts with carbon atoms and tries to assemble graphene sheets. 
Chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) are two typical 
bottom-up approaches. Single layer graphene and few layers graphene can now be grown 
on various substrates by feeding hydrocarbons at a suitable temperature [71, 79, 82, 84, 
85 86, 87]. In addition, plasma-enhanced CVD can be applied on substrates without a 
catalyst [87]. The films, which are grown by CVD, are generally multi-layer graphene. 
However, Raman spectra of multi-layer graphene and single layer graphene are observed 
to be similar [83]. Graphene has been synthesized by CVD and additionally an annealing 
step by many researchers [83, 88, 89, 90, 91]. The number of layers and the sheet sizes 
can be controlled easily.[92] However, the electron mobility of epitaxial graphene are 
comparatively lower than that of exfoliated graphene.[93] Furthermore, isolating single 
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sheets is difficult and additional lithography is required to pattern electrostatic gates on 
top of  the epitaxial graphene. Transition-metal-catalyzed graphene growth was 
demonstrated to yield macroscopic single-crystalline graphene domains with very low 
defect density and outstanding thickness control [91].  It is still a challenge to find a way 
to transfer the graphene layers to an insulating surface. Those recent successful 
demonstrations of the fabrication of large graphene layers by CVD/epitaxial CVD growth 
pave ways to mass-produce graphene. However, the advances are still far from finished. 
A true leap forward should be the atomically precise synthesis of graphene nanostructures 
by 'bottom up' approaches. In summary, exfoliation remains the preferred method for 
most of the experimental research groups around the world. Recent successful fabrication 
of large graphene layers by CVD/Epitaxial CVD growth opened ways to mass-produce 
graphene. These various methods have led to high-quality single-crystalline graphene 
systems, which can be used for further fundamental research, as well as large-scale 
graphene wafers, which can be employed in device fabrication and integration.  
2.4. Properties of Graphene 
 
The single layer of carbon atoms, which forms a benzene ring structure, is named 
Graphene. Graphene can be used to explain the properties of carbon-based material like 
carbon nanotubes, large fullerenes, carbon walls etc.  
2.4.1. Electronic Properties 
 
Graphene is a semimetal or zero band gap semiconductor. Graphene has high electron 
mobility 28,000 cm
2
V
-1
 S
-1
. Experimental reports show that electrons and holes have the 
same mobility in graphene. Therefore, it can continuously tune the charge carriers type 
from electron to hole. At low temperatures and high magnetic fields, the exceptional 
mobility of graphene has been observed according to the quantum Hall effect for both 
electrons and holes [95, 96]. Due to its unique band structure, the graphene quantum Hall 
effect shows that Hall Effect in graphene occurs at half integers of 4e
2
/h rather than at the 
typical integers of 4e
2
/h. The corresponding resistivity of graphene is 10
−6
 Ω·cm-1, which 
is less than the resistivity of silver. Because graphene has no band gap, the corresponding 
resistivity change is small.  
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2.4.2. Mechanical properties 
 
Atomic force microscopy is commonly used to measure the strength of graphene. 
Graphene is pressed by a small tip, which is made of a hard material like diamond. 
Interestingly graphene is harder than diamond and more or less 300 times harder than 
steel. The tensile strength of graphene exceeds 1 TPa. Even though graphene is so robust, 
it is also very stretchable. It can be stretched up to 20% of its initial length. Graphene can 
be a super strong composite material in the near future.  
2.4.3. Optical properties 
 
Graphene, despite being the thinnest material ever made, is still visible to the naked eye. 
Approximately, 2.3 % visible light cannot pass through a single layer of graphene. When 
graphene is deposited on a silicon wafer (having a thin layer of silicon dioxide), the 
visibility of graphene is enhanced. The three-layer structure (graphene, silicon dioxide 
and silicon wafer) makes complex interference effects when light passes through it. 
Depending on the silicon dioxide layer thickness, some colors of light are enhanced and 
others are suppressed. This is somehow like a rainbow effect which can be visible 
together with graphene films.  
2.4.4. Chemical properties 
  
Graphene shows the tendency of absorption and desorption of various molecules like 
NO2, OH just like graphite. The absorbents generally act as donors hence graphene 
remains always a conductor. This nature of graphene can be used as a sensor for 
chemicals. Also, with weak absorbents, graphene functionalized with some chemical 
group like OH
-
 or F
-
 forms graphene oxide or fluorinated graphene. It is noticed that 
single layer graphene is more reactive than multi or bi-layer graphene, the edges are being 
reactive than the center part of the film. Unless, the graphene is not being with very harsh 
reactive conditions, graphene is normally inert material.  
2.5. Applications of graphene 
 
The applications of graphene have been proposed in many fields. Examples are touch 
screen displays, LCDs, single molecule sensors, and hard composite material.  
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The excellent electronic, mechanical and optical properties of graphene attract the 
attention in flexible electronics like touch screen displays. Bae et al. [85] have produced 
roll-to-roll production of graphene sheet that will be used as a transparent electrode. 
Graphene is one of the strongest and stiffest known materials and has very lightweight. It 
suggests that graphene can be mixed with plastics such as epoxy to make composites, 
which have good specific physical properties (i.e. strength per unit mass). As graphene is 
electrically conductive, it can also be used for electro mechanical properties. The 
graphene plastic composite will be electrically conductive and mechanically strong. 
Therefore, it will be a good replacement of metals. Conductive plastics are very 
demanding and are used mostly for the protection of carbon fiber aircraft wings against 
lightning strikes. They also prevent sparks due to static electricity in the fuel lines and 
tanks of vehicles. These are some suggestions for the use of graphene. Graphene is an 
emerging material having outstanding properties. It can decorate the world by very high 
perfection by means of smallest size, lightweight, excellent electromechanical features 
and good optical vision.   
Summary  
 
Graphene, which is the basic building block of all kinds of carbon nanostructures, has 
very unique properties due to its charge transport. The very attractive properties of 
Graphene (like high charge mobility, ultra hardness, chemically inertness) make the 
graphene-based nanostructures worth investigating. The synthesis of graphene described 
in this chapter is very similar to the synthesis of other two-dimensional carbon 
nanostructures like carbon nanowalls etc. The charge transport of multi-layer graphene 
sheets is different from single and multi-layer graphene sheets. CNWs are nothing else 
but the multi-layer graphene sheets standing vertically on the substrate having lots of 
defects and vacancies. 
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3. Experimental Techniques 
 
This chapter presents the basic science of fabrication and measurement techniques used 
for CNW synthesis. It begins with a description of the deposition and characterization 
methods of CNWs followed by basic details of CNWs electric field emission 
measurements. Synthesis of CNWs by CVD deposition and  characterization techniques 
like Raman spectroscopy, scanning electron spectroscopy (SEM), X-ray Photon 
spectroscopy (XPS) are briefly explained. 
3.1. Synthesis methods  
3.1.1. Chemical vapor deposition 
 
Chemical vapor deposition is a chemical process which is used to  produce thin solid 
films. In this process, the gaseous molecules (which are called precursors) are introduced 
in a chemical reaction and then solid material growths at the surface form a film (powder 
etc). CVD is used in very wide areas like  the production of powder, fibers and coatings. 
Very wide research on CVD has proved that it can produce mostly any kind of material 
like metals, non-metals, compounds of carbon and silicon like oxides, nitrides, and 
borides.  
When the chemical process is proceeded with a plasma, it is called plasma enhanced 
CVD. Plasma is generated in an electromagnetic field which is set  between two 
electrodes (top electrode and ground substrate). An electron collision takes place with gas 
molecules and forms ions and reactive neutrals. The total charge neutralizes with all 
reactive elements and sustains plasma inside the reactor. Plasma enhanced CVD is very 
useful for low substrate temperatures. In brief, CVD can be designed according to need 
but the basics of CVD are the dispensing gases, the temperature control and the produced 
bi-products. Sustaining the plasma is additional in plasma CVD.  
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3.1.2. ICP-CVD 
 
There has been a growing interest in inductively coupled plasmas (ICP) because of the 
necessity for high-density plasma sources for plasma-aided manufacturing of thin films. 
This kind of CVD is designed to use an inductive circuit element near to discharge region. 
It helps in producing more ions inside the plasma. A spiral like conductor is used as the 
inductive circuit element. The inductor is tuned by an electrical reactance, in the way that 
a special electrical resonance RF frequency is obtained. From this resonance circuit, a 
huge amount of RF current is produced in the inductive element. From this RF current RF 
magnetic field generates, and this field penetrates the discharge region [99]. It can be 
explained by the Faraday’s law, 
 ∆E= -dB/dt,   
where E is the electric field, B is the flux density. According to Faraday’s law, time-
varying RF magnetic flux density (B) induces a solenoidal RF electric field (E).  
Hence, the solenoidal electric field accelerates free electrons in the discharge and sustains 
the plasma. It is reported that a weak, capacitively coupled electric field discharge in 
inductively coupled plasma sources at low absorbed powers is also observed during this 
process [96-98]. With increasing the RF power the luminosity and density increases at 
high pressures above ~3× 10
-2 
mbar (which is due to the  inductive coupling or the H-
discharge [99]). The two kinds of coupling  (capacitive or inductive, E or H) have their 
own particular properties, hence it has been a matter of debate since the inductive plasma 
was discovered [98]. However, some attempt to minimize the capacitive coupling 
(negative side effect) has been implemented like by placing shields between the inductive 
coupler and the discharge wall. Because inductive couplers have high electrical potentials 
hence, it is not 100% inductively coupled plasma. However, high density plasma which is 
partially inductively coupled is called inductively coupled plasma CVD [99]. 
Key features  
 Independent control of ion energy and ion current density 
 Typical process pressure: 1.3 x10-3 – 1.3 x10-2 mbar  
 Plasma density: circa 5 x 1011 particles /cm2  
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 Plasma in contact with the substrate  
 Low energy ion current during deposition  
 Ion current (plasma density) dependent on ICP power  
 ESS (electrostatic screen) for a purely inductive plasma   
 
Typical applications of ICP CVD: 
 Low temperature deposition for lift off technology  
 Low temperature deposition of very high quality SiO2  
 Low temperature deposition of poly Si  
 ICP is fully automatic (2 RF automatic units) 
3.1.3. Synthesis process of CNWs by ICP-CVD 
 
CNWs have been synthesized by many kinds of CVD like microwave plasma enhanced 
CVD, capacitively coupled plasma enhanced CVD, hot filament CVD, etc. Mostly 
reporters used reactive organic gases as source of carbon. Almost all kinds of substrates 
have been used to deposit CNWs by CVD. Here, we briefly describe the CNW deposition 
on silicon and stainless steel substrates by using aluminium acetyl acetonate as the 
precursor. Inductively coupled plasma enhanced chemical vapor deposition was used to 
deposit CNWs. The schematic diagram is shown in Figure 6. The deposition chamber 
consists of a cylindrical reactor chamber holding a substrate holder which is directly 
connected to the heater. Plasma is sustaining inside this chamber, which is surrounded by 
an inductive-coil antenna. The working pressure is maintained approximately at 10
-2 
mbar 
in the chamber. Solid precursor aluminium acetylacetonate is used as a source of carbon 
and aluminium for CNWs deposition.   
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Figure 4: A schematic diagram of ICP-CVD used for CNWs deposition 
 
 
Figure 5: A picture of ICP CVD 
3.1.4. Additional attachment for metal organic 
precursor intake 
 
An additional attachment to this reactor was required to introduce a metal organic 
precursor inside the plasma. A stainless steel- ceramic tube of diameter (~ 5 cm) was 
attached to a window of the reactor chamber. One side of this tube  was covered with a 
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membrane of steel (hole size ~ 0.02 mm) and on the other side, the solid precursor has 
been fed into this tube. Argon gas is passed through this tube to the chamber.  
 
 
Figure 6: A schematic diagram of the additional attachment for aluminium 
acetylacetonate intake 
 
The inlet of the precursor together with the argon gas was set in the center of substrate 
holder and in the middle point in the reactor chamber so that the uniformity of film is not 
affected. The precursor tube and the gas line were heated up to a temperature of 140
o
C 
and this was maintained beginning 30 min before starting the deposition temperature, and 
30 min before  starting deposition so that the vapor pressure of precursor can flow with 
the argon gas uniformly inside the chamber. 
3.1.5. Substrate preparation  
 
In this work, silicon substrates (with a silicon dioxide layer) and stainless steel substrates 
were used. To ensure the quality and uniformity of CNWs deposition, substrates were 
thoroughly cleaned to remove all contaminants such as absorbed molecules, particulates 
and organic impurities. These contaminants may give rise to poor adhesion, bad 
uniformity and can degrade the device performance. The wafer was soaked in methanol 
for 10 minutes with ultrasonic bathing. This step removed the organic residues on the 
substrate. As methanol can also leave its own residues on the substrate, an iso propanol 
(IPA) immersion for another 10 minutes is required with ultrasonic bathing. The wafer of 
silicon and the steel substrates were then dried by nitrogen gas. 
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3.1.6. Growth conditions 
 
Before starting the deposition, a clean substrate is placed on the substrate holder. More 
than one substrate can also be placed on the holder. The chamber is closed and pumped 
by a rotary pump followed by a molecular pump till it reaches 10
-6
 mbar. At the precursor 
tube, the heating is started up to 140
o
C and the substrate can also be heated as required. 
The machine is designed to heat the substrate up to 900
o
C substrate temperature.  
All depositions are carried out at 10
-2
 mbar pressure. By varying the argon gas flux, the 
pressure can be fixed to 10
-2
mbar by adjusting gas intake inside the chamber controlled 
by mass flow controller (MFC). Plasma power is varied from 100W to 800W and argon 
gas flow rate is varied from 27 sccm up to 55 sccm. Deposition is carried out at all 
substrate temperatures from room temperature up to 800
o
C. In case of deposition under 
oxygen plasma, oxygen is directly introduced into the reactor chamber. It does not pass 
through the precursor tube like the argon gas. The aluminium acetylacetonate (Al (acac)3) 
precursor is sublimated in an evaporator at a constant temperature of 150
o
C and then 
transported to the reaction chamber with an argon flow of 27 sccm. For this experiment, 
argon gas was fixed at 27 sccm and oxygen gas was varied from 20 sccm to 40 sccm. All 
deposition experiments were carried out at a pressure below 10
-2
 mbar. The films were 
deposited at different substrate temperatures between 500
o
C and 800
o
C and with varying 
pulsed DC biasing voltage from 10V to 100V at 3A current. Additionally, the plasma 
power was varied from 400 W to 800 W for some experiments. 
3.2. Structured CNWs by laser 
 
Microscopic field emission investigations suggest that high electric field enhancement 
occur at the conducting graphene layers. In spite, of their random growth, CNWs with 
high aspect ratio and sufficient electric conductivity might be useful for simple FE device 
in diode configuration especially when practical substrate material can be used. For gate 
control devices, however, either structured growth or post structuring of CNWs is 
required.  
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Figure 7: SEM images of the laser-structured CNW patch array. 
  
Therefore, laser structured CNWs on steel and Si substrates are fabricated. This is 
explained in detail in chapter 5. After the deposition of CNWs (described above), these 
were then patterned with a diode-pumped solid-state laser (EdgeWave) using a galvano 
scanner (SCAN-LAB) and a theta objective (LINOS) for writing and focusing. The laser 
was operated at a wavelength of 532 nm, a pulse length of 10 ns and a pulse frequency of 
50 kHz.  
During patterning, the focused laser spot with a 1/e
2
 diameter of about 30 µm was moved 
across the sample surface at a writing speed of 30 cm/s. The average laser power was set 
to 1.15 W (Si) and 2.08 W (stainless steel), respectively. Quadratic grid patterns with a 
pitch of 60 µm were fabricated over an area of 5x5 mm
2
. The resulting CNW patch arrays 
are shown in Figure 7 [115]. The detailed description of electron emission of laser 
structured CNWs is given in chapter 5.  
3.3. Characterizations methods  
3.3.1. Electron microscopy  
An electron microscope is a type of microscope that produces an electronically-magnified 
image of a specimen for detailed observations. The electron microscope uses a particle 
beam of electrons to illuminate the specimen and create a magnified image of it. The 
microscope has a greater resolving power (magnification) than a light-powered optical 
microscope, because it uses electrons that have wavelengths about 100,000 times shorter 
than visible light (photons), and can achieve magnifications of up to 1,000,000x, whereas 
light microscopes are limited to 1000x magnification. The electron microscope uses 
 Experimental Techniques  36 
electrostatic and electromagnetic "lenses" to control the electron beam and focuses it to 
form an image. Electron microscopes are used to observe a wide range of biological and 
inorganic specimens including microorganisms, cells, large molecules, biopsy samples, 
metals, and crystals. Industrially, the electron microscope is primarily used for quality 
control and failure analysis in semiconductor device fabrication [101]. 
3.3.1.1. Scanning electron microscope  
 
The scanning electron microscope (SEM) is used to study the surface of materials rather 
than their internal arrangement. This instrument differs from all other conventional 
microscopes, using light or electrons, in forming its image progressively and not all at 
once. Electro-optically, the SEM has little in common with the TEM, apart from the use 
of an electron gun and a condenser lens system to produce a focused electron beam. 
These two/three lenses are the only in the column and after the specimen, there is an 
electron collector. As illustrated in Figure 13 , a very fine beam of electrons (energies up 
to 30 keV) is focused at the surface of the specimen in the microscope. The beam scans 
across it in a pattern of parallel lines. A number of phenomena occur at the surface under 
electron impact. The intensity of emission of both secondary and backscattered electrons 
is very sensitive to the angle at which the electron beam strikes the surface. For scanning 
electron microscopy, the emission of secondary electrons with energies of a few tens of 
eV is very essential. Equally important is the remission or reflection of high-energy 
backscattered electrons from the primary beam. The emitted electron current is 
accumulated and amplified. A standard instrument can usually reach a resolution of less 
than 10 nm. Scanning electron microscopy is performed to analyze the microstructures in 
plain view. A Philips XL 30 microscope equipped with a field emission gun (FEG) 
operating at an acceleration voltage between 3 and 5 kV, a working distance of typically 
10 mm, and secondary electron image mode was used.The carbon nanowalls films were 
characterized by using scanning electron microscope for studying morphology and 
structure of films. 
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3.3.1.2. Transmission electron microscope 
 
The transmission electron microscope (TEM) is a light microscope, in which a short 
wavelength electron illumination is used [101]. The main difference between a light 
microscope and  a TEM microscopy is the electron lenses which are used in the TEM. 
The  rest of it has exactly the same lens arrangement as its light counterpart (Figure 8) . It 
has been developed further to make use of the special properties of electron illumination 
like  the higher resolution, but also the ability to carry out various forms of elemental and 
crystallographic micro analysis. The simplest electron microscope has two image-forming 
lenses and is an exact analogy of the compound light microscope.  
The illumination coming from an electron gun is concentrated on the specimen by a 
condenser lens. After passing through the specimen, the electrons are focused by the 
objective lens into a magnified intermediate image. This image is further enlarged by a 
projector lens and the final image is formed on a fluorescent screen (photographic film or 
a CCD (charge-coupled device) camera). Nowadays, TEMs can reach atomic resolution 
using voltages of 200 kV and higher. The inner morphology of the tubular carbon 
structures discussed in this thesis and their strutural  morphology  were imaged by such a 
high-resolution TEM . 
A typical SEM and TEM image of the CNWs fabricated by ICP-CVD are shown in 
Figure 9. CNWs stand vertically as supported by a network structure. The density and 
height of CNWs depend on the deposition time. When the deposited time is more than 
three hours,  film starts peeling from the substrate. It clearly shows that a CNW sheet is a 
graphite flake with some disorder and defects. 
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Figure 8: Electron path in a scanning and transmission electron microscope 
 
 
Figure 9: SEM image of carbon nano walls deposited by ICP-CVD, TEM image shows 
the nano graphitic line [102] 
3.3.2. Spectroscopy 
 
The study of interaction of electromagnetic radiation with matter is studied by 
spectroscopy. Spectroscopy can be classified according to different types of 
electromagnetic radiations interacting with matter. Spectroscopy is the most powerful tool 
for the study of atomic and molecular structures. In general, an excitation source such as 
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X-rays, electrons or synchrotron radiation will eject an electron from an inner-shell 
orbital of an atom. Detection of ejected photoelectron by X-rays is called X-ray 
photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis. 
Detection of ejected electrons from higher orbitals to conserve energy during electron 
transitions is called auger electron spectroscopy. 
Spectroscopic studies are designed so that the radiated energy interacts with specific types 
of matter and are carried out under the following two heads:  
Atomic spectrocopy:- This spectroscopy is concerned with the interaction of 
electromagnetic radiation with atoms, which are commonly in their lowest energy state, 
called ground state.  
Molecular spectroscopy:- This spectroscopy deals with interaction of electromagnetic 
radiation with molecules. This results in transition between rotational and vibrational 
energy levels in addition to electronic transitions. 
Other types of spectroscopy are distinguished by specific applications or 
implementations. 
3.3.3. Raman spectroscopy 
 
Raman Spectroscopy is a spectroscopy technique based on inelastic scattering of 
monochromatic light (laser). Inelastic scattering is nothing but the frequency of photons 
in monochromatic light is changed by interaction with the sample. The sample absorbs 
the photons of the laser light and re-emits it.  In comparison to the original laser light 
frequency the reemitted frequency changes (shifted up or down) which is basically called 
the Raman Effect. This change or shift provides information about transitions in 
molecules i.e. vibrational or rotational ones. Raman scattering is an optical process 
involving the simultaneous emission or absorption of a phonon associated with the 
scattering of a photon.  
3.3.3.1. Discovery of Raman effect   
 
The Raman effect is an alternative and simple method other than band spectra for 
obtaining vibrational and rotational frequencies of molecules. A valuable adjunct to 
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electronic and infrared spectra is the Raman effect, discovered by Sir Chandrasekhara 
Venkata Raman (1928) [103]. According to Raman, if any substance, gaseous liquid or 
solid is exposed to radiation of definite frequency, then the light scattered at right angles 
contains frequencies different from the incident radiation, and carries the characteristics 
of the substance which is under examination.  
Suppose νi  and νs are the frequency of incident and scattered light, respectively, then the 
difference ∆ν = νi - νs is known as Raman frequency. When the scatter of light is observed 
with the help of a spectrophotometer, it is found that spectrum is made of lines of the 
incident light together with a series of lines on either side of them. This series of lines in 
the scattering of light is known as Raman spectra. In the spectra of scattered radiation, the 
Raman lines appear in the spectrum on either side of the line of incident radiation, with 
higher as well as lower frequencies. The Raman lines on the lower frequency side are 
called stokes lines, i.e. where νi > νs and on the higher frequency sides are termed anti 
stokes lines, i.e when νs > νi [101].  
3.3.3.2. Explanation of light scattering by molecules 
 
The scattering of light by molecules can be explained by making use of the 
electromagnetic theory. The incident light wave represented by an electric field E induces 
a dipole moment in the molecules. The induced moment P given by  P = α E where α is 
the polarisability of the molecule. The theory of Raman effect of scattering largely 
depends upon this factor. Raman also regarded that in Rayleigh’s scattering no frequency 
change was caused, but only some of the already existing frequencies were selected, 
whereas in Raman effect new lines of different frequencies appeared even when a single 
frequency was scattered [104]. 
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Figure 10: Energy levels in Raman scattering 
 
Atoms and molecules which are polarised in an electric filed re-emit radiations, if the 
field is varied periodically. If the variation in distances between atoms in the scattered 
molecules are negligible, then the frequency of incident and scattered radiations will be 
the same and the scattering will be Rayleigh’s scattering.  
Figure 11 shows the transitions are possible between the vibrational levels in a 
polyatomic molecule. Raman scattering results from an interaction between the incident 
photons and the vibrational energy levels of the molecules. The interaction is the transfer 
of a portion of the energy of the photon to the molecule or vice versa. Thus νR = νi ± ∆ν 
where subscript (R) represents the Raman radiation, (i) the incident radiation and ∆ν the 
Raman shift. The dashed lines in Figure 11 indicate unstable virtual energy levels. In 
Stokes transition, the energy is taken from the incident radiation by the sample, and hence 
most intense Raman lines are obtained. Under these conditions νR = νi  - ∆ν, if a 
significant number of molecules are already in the νi state, and Stokes lines can be 
obtained when νR = νi  + ∆ν Hence,While considering laws of absorption, it has been 
assumed that not transmitted light must be absorbed, provided the medium does not 
contain any foreign particle which would scatter the radiation. In fact, there is always 
some scattering, but the effect is very small when it occurs at the molecule level. This 
molecule or Rayleigh scattering takes place without any change in wavelength, although 
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the amount of scatterings depends on wavelength. The blue colour of the sky is due to 
Rayleigh scattering.   
Scattering with a change of wavelength can also occur and is called Raman scattering. 
Rayleigh and Raman scattering arise from the same type of interaction between the 
radiation  and the molecule. This interaction induces an oscillating dipole moment in the 
molecule, which is proportional to the electric field. The proportionality constant is called 
the polarisation of the molecule.  
The main difference in Rayleigh scattering and Raman effect is that in Rayleigh 
scattering, the molecule has not yet gained or lost energy and there is no difference in 
wavelength between  incident and scattering radiation. Although scattering takes place in 
all directions, in Raman effect, the molecule may not return to its original energy state, 
but may not lose or gain energy so that emitted radiation has a different wavelength.  
If the molecule is originally in the ground state and drops back to an excited vibrational  
state, the scattered radiation will have a longer wavelength, and the shift corresponds to 
the vibration energy of the excited state. These Raman lines are called Stokes lines. 
Similar phenomenon will happen when the molecule is originally in the excited state and 
falls back to the ground state. At room temperature most of the molecules will be in the 
ground state, the Stokes lines will be of higher intensity than the anti-Stokes lines. 
3.3.3.3. Raman spectra observation in CNWs 
 
Raman spectroscopy is a fast and non-destructive method for the characterization of 
carbon materials. All carbons show common features in their Raman spectra in the 800–
2000 cm
−1
 region, the so-called G and D peaks, which lie at around 1560 and 1360 cm
−1 
respectively for visible excitation [105-109]. The T peak at around 1060 cm
−1 
is only seen 
for UV excitation [105-109]. The G peak is due to the bond stretching of all pairs of sp
2
 
atoms in both rings and chains. The D peak is due to the breathing modes of sp
2
 atoms in 
rings [105,110-113]. The T peak is due to the C-C sp
3
 vibrations. Raman spectra can be 
used to distinguish the different types of amorphous carbons and to derive their structural 
and mechanical properties. The Raman spectra are dominated by the sp
2
 sites. Thus, the 
clustering and disorder of the sp
2 
phase is the main factor affecting peak positions, width, 
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and intensity. In principle, the sp
2
 clustering can vary independently of the sp
3
 content. 
The other two key Raman parameters to monitor carbon bonding are the intensity ratio of 
the D and G peaks, ID/ IG, and the full width at half maximum of the G peak, FWHM/G. 
In amorphous carbons ID/ IG is a measure of the size of the sp
2
 phase organized in a ring 
[105].  
 
 
Figure 11: Raman spectra of the carbon nanowalls, graphite like carbons, graphite 
powder, amorphous graphite, glassy carbon, amorphous carbon. Dashed lines represent 
a Lorentzian fit to a D’ band (Fig Ref to [114]) 
 
If ID/ IG is negligible, then the sp
2
 phase is mainly organized in chains, or even if rings are 
present, the bonds are not fully delocalized on the rings. Raman spectroscopic 
measurements for the carbon nanowalls deposited by ICP-CVD using metal organic 
precursor were carried out using an Ar laser operating at 514.5 nm. Spectra exhibited G 
and D bands at 1580 cm
−1
 and 1350 cm
−1
, respectively. It is found that the bandwidth of 
the G band is relatively narrow, even when the peak intensity ratio of D band to G band is 
significantly high. These spectral features of CNWs are distinguished from those of 
typical graphite-like carbons reported so far. From the comparison of these spectral 
features, it is shown that CNWs are composed of small crystallites with a high degree of 
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graphitization. The Raman spectra of carbon nanowalls are discussed thoroughly in this 
thesis (chapter 4). 
3.3.4. X-Ray photon spectroscopy  
 
X-Ray photon spectroscopy is a quantitative spectroscopic technique which gives 
information about the elemental composition inside the sample. XPS spectra is obtained 
by bombardment of X-rays on the sample and simultaneously measuring the kinetic 
energy and number of electrons that are escaping the surface of the sample. 
XPS was developed in the mid 1960s by K. Siegbahn and his research group. K. Siegbahn 
was awarded the Nobel prize for physics in 1981 for his work in XPS. The phenomenon 
is based on the photoelectric effect outlined by Einstein in 1905 where the concept of the 
photon was used to describe the ejection of electrons from a surface when photons 
impinge upon it.  
For XPS, Al K alpha (1486.6eV) or Mg K alpha (1253.6eV) are the photon energies of 
choice. Other X-ray lines can also be chosen such as Ti K alpha (2040eV). The XPS 
technique is highly surface specific due to the short range of the photoelectrons that are 
excited from the solid. The binding energy of the peaks are characteristic of each element. 
The peak areas can be used (with appropriate sensitivity factors) to determine the 
composition of the surface of the material. The shape of each peak and the binding energy 
can be slightly altered by the chemical state of the emitting atom. Hence, XPS can 
provide chemical bonding information as well. XPS is not sensitive to hydrogen or 
helium, but can detect all other elements. 
Physical Principles 
Photoelectron spectroscopy is based upon a single photon in an electron out process and 
from many view points this underlying process is a much simpler phenomenon than the 
Auger process. The energy of a photon of all types of electromagnetic radiation is given 
by the Einstein relation, E= h ν where h- Planck constant and ν is the frequency of the 
radiation : [101]  
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Photoelectron spectroscopy uses monochromatic sources of radiation (i.e. photons of 
fixed energy). 
In XPS, the photon is absorbed by an atom in a molecule or solid, leading to ionization 
and the emission of a core (inner shell) electron. By contrast, in UPS the photon interacts 
with valence levels of the molecule or solid, leading to ionisation by removal of one of 
these valence electrons.  
The kinetic energy distribution of the emitted photoelectrons (i.e. the number of emitted 
photoelectrons as a function of their kinetic energy) can be measured using any 
appropriate electron energy analysor and a photoelectron spectrum can thus be recorded. 
The process of photo ionization can be considered in several ways. One way is to look at 
the overall process as follows: A + hν  →  A+ + e- 
Conservation of energy then requires that:  
E(A) + hν  =  E(A+ ) + E(e-) 
.  
 
Figure 12: Photo ionization- Principle of photon spectroscopy 
 
Since the electron's energy is present solely as kinetic energy (KE) this can be rearranged 
to give the following expression for the KE of the photoelectron:  
KE  =  hν - ( E(A+) - E(A) ) 
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The final term in brackets, representing the difference in energy between the ionized and 
neutral atoms, is generally called the binding energy (BE) of the electron. This then leads 
to the commonly quoted equation,  KE  =  hν - BE 
An alternative approach is to consider a one-electron model along the lines of the 
following pictorial representation; this model of the process has the benefit of simplicity 
but it can be rather misleading. 
The BE is now taken to be a direct measure of the energy required to just remove the 
electron concerned from its initial level to the vacuum level and the KE of the 
photoelectron is again given by:  
KE  =  hν - BE 
It should be noted that the binding energies (BE) of energy levels in solids are 
conventionally measured with respect to the Fermi-level of the solid, rather than the 
vacuum level. This involves a small correction to the equation given above in order to 
account for the work function (φ) of the solid, but for the purposes of the discussion 
below this correction will be neglected. 
3.3.5. Energy dispersive X-ray spectroscopy  
 
Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for 
the elemental analysis. It is one of the variants of X- ray fluorescence spectroscopy that 
relies on the investigation of a sample through interactions between electromagnetic 
radiation and matter, analysing X-ray emitted by the matter in response to being hit with 
charged particles. Its characterization capabilities are due in large part to the fundamental 
principle that each element has a unique atomic structure allowing X-rays that are 
characteristic of an element's atomic structure to be identified uniquely from one another. 
To stimulate the emission of characteristic X-rays from a specimen, a high-energy beam 
of charged particles such as electrons or photons, or a beam of X-rays, is focused into the 
sample being studied. At rest, an atom within the sample contains ground state (or 
unexcited) electrons in discrete energy levels or electron shells bound to the nucleus. The 
incident beam may excite an electron in an inner shell, ejecting it from the shell while 
creating an electron hole where the electron was. An electron from an outer, higher-
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energy shell then fills the hole, and the difference in energy between the higher-energy 
shell and the lower energy may release in the form of an X-ray. The number and energy 
of the X-rays emitted from a specimen can be measured by an energy-dispersive 
spectrometer. As the energy of the X-rays is characteristic of the difference in energy 
between the two shells, and of the atomic structure of the element from which they are 
emitted, this allows the elemental composition of the specimen to be measured. 
 
Figure 13: Principle of EDX 
 
Accuracy of EDX 
The accuracy of an EDS spectrum can be affected by many factors. Windows in front of 
the detector can absorb low-energy X-rays (i.e. EDS detectors cannot detect elements 
with atomic number less than 4, that is H, He, and Li) [98]. Over-voltage settings in EDS 
alter the peak sizes raising over-voltage on the SEM shifts the spectrum to larger 
energies, making higher-energy peaks larger and lower-energy peaks smaller. Some 
elements will have overlapping peaks (e.g., Ti Kβ and V Kα, Mn Kβ and Fe Kα).[98] The 
accuracy of the spectrum can also be affected by the nature of the sample. X-rays can be 
generated by any atom in the sample which has been sufficiently excited by the incoming 
beam. These X-rays are emitted in any direction, and so they may not all escape the 
sample. The likelihood of an X-ray escaping the specimen, and thus being available to 
detect and measure depends on the energy of the X-ray and the amount and density of 
material it has to pass through. This can result in reduced accuracy in homogeneous and 
rough samples. 
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3.3.6. Secondary Ion Mass spectroscopy  
 
Principle of the secondary ion mass spectroscopy (SIMS) is based on interaction of the 
primary ion beam with the sample (under vacuum). This interaction provides sufficient 
energy to ionize many elements.  
 
Figure 14: Principle of SIMS 
 
If the primary beam is composed of positively charged ions, the resultant ionization 
favors production of negative ions; primary beams of negative ions favor generation of 
positive ions. Although most atoms and molecules removed from the sample by the 
interaction of the primary beam and the sample surface (referred to as sputtering) are 
neutral, a percentage of these are ionized. These ions are then accelerated, focused, and 
analyzed by a mass spectrometer. 
SIMS instruments use an internally generated beam of either positive or negative ions 
(primary beam) focused on a sample surface to generate ions that are then transferred into 
a mass spectrometer across a high electrostatic potential, and are referred to as secondary 
ions.  
3.3.7. X-Ray Diffraction Methods 
 
With the help of X-rays, it is now possible to determine the special arrangement of the 
structural units of a substance in the crystalline state and hence X-rays can be employed 
in investigating the interior of a crystal. The most important feature of the crystals of a 
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substance is that the interfacial angles remain constant although the shapes and sizes of 
individual crystals differ considerably. Making use of this fact, Havy (1784) suggested 
that crystals are built up of small units having the same interfacial angles as the crystal. 
The distance between the atoms in crystals have been found to be roughly equal to 10
-8
 
cm. So optical and elctronic microscopy cannot be used in this field. It was suggested by 
Von Laue (1912) that it might be possible to direct X-ray on crystals because: 
 The crystals act as a three dimensional natural grating for X-Rays.  
 X- rays act as part of the electromagnetic radiation.  
 X-ray are actually the radiation of very small wavelength probably of the order of 
10
-4
cm  
Since its discovery in 1912 by Von Laue [115] X-ray diffraction has provided a wealth of 
important information to science and industry. For example, much of the spacing of 
atoms in crystalline material has been directly deduced from diffraction studies. These 
studies proved to be of immense importance in understanding the physical properties of 
metals, polymeric materials and other solids.  
 
 
Figure 15: Diffraction of X- rays by crystals 
 
 
X-ray diffraction provides a convenient and practical means for the qualitative 
identification of crystalline compounds. This application is based on the fact that the X-
ray diffraction pattern is unique for each crystalline substance and so chemical identity 
cannot be assumed. Qualitative identification of structures can be made by comparison of 
the interplanar spacing values of the specimen pattern with an index of standard patterns. 
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Braggs Law 
 
When electrons moving at high speeds are directed to a metal target, a small percentage 
of their kinetic energy is converted into X-rays. The X -rays emitted by the target consist 
of a continuous range of wavelength in the continuous spectrum that is inversely 
proportional to the applied voltage which accelerates the elctrons towards the target.  
When a beam of X-rays is allowed to fall on a crystal surface at some angle θ, each atom 
acts as a source. The scattered radiation is of the same wavelength. Thus when an X-ray 
beam strikes a crystal surface at an angle θ, a portion is scattered by the layer of atoms at 
the surface and unscattered portion of the beam, penetrates to the second layer of atoms 
where again a fraction is scattered and the remaining passes on to the third layer. Bragg 
[116] developed a useful relation between the wavelength of the X-ray and the spacing 
between the lattice planes.  
As the atomic in a crystal are orderly arranged, a beam of X-rays is reflected from a plane 
of atoms similar to the reflection of light from a plane mirror.  
The most important requirement of diffraction are: 
 The spacing between  layers of atoms must be roughly the same as the wavelength 
of the radiation. 
 The scattering centers must be spatially distributed in a highly regular way. 
Bragg treated the diffraction of X-ray by crystals as shown in the Figure 15 . Considering 
a beam of monochromatic X-rays, which strikes on a set of parallel and equidistant planes 
called lattice or Braggs planes in the crystal structure at an angle θ, scattering occurs as a 
result of interaction of the radiation with atoms located at A and B. If the distance CB + 
BD = nλ, where n is an integer 1,2,3 etc, known as the order of reflection, the scattering 
radiation will be in phase AD, and the crystal will appear to reflect the X- radiation. 
CB + BD =  2d sin θ 
where d is the interplanar distance of the crystal. Thus the conditions for constructive 
interference on the beam at an angle θ are, 
nλ = 2d sin θ 
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This equation is known as Braggs’s equation. Since sin θ can not exceed unity, the 
minimum spacing for which the reflection can be observed is d = λ/2. Thus X-rays appear 
to be reflected from the crystal only if the angle of incident satisfies the condtion that sin 
θ = nλ / 2d at all other angles destructive interference occurs. 
Summary 
 
In this chapter, we summarized the fabrication and characterization  techniques used for 
CNWs sample preparation. Briefly, the method of structuring of CNWs by laser and 
measurement of electron emission is explained in this chapter. From the next chapter, we 
will start to discuss the physics of CNWs, which includes characterizations of CNWs and 
the application in electric field emission properties.  
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4. Physics of CNWs 
 
The chapter discusses the results of the characterized CNW films. SEM and Raman 
studies show that CNWs are graphitic nanostructures with the edges comprised of stacked 
planar graphene sheets standing vertically on a substrate. TEM will discuss that the sheets 
form a wall structure with thickness in the range of a few nanometers to a few tens of 
nanometers, and with a high aspect ratio and have some crystalline patches of aluminium 
carbide inside the CNWs matrix. Furthermore, chemical analysis is discussed by 
secondary ion mass spectroscopy (SIMS), electron dispersive X-ray spectroscopy (EDX) 
and nuclear resonance analysis (NRA). The elemental composition is discussed by X-ray 
photon spectroscopy (XPS).  
4.1. Surface morphology  
4.1.1. SEM observations 
 
SEM images of typically CNWs films are shown in Figure 16. The films were grown by 
inductively coupled plasma enhanced chemical vapor deposition by using a metal organic 
precursor as a source of carbon and aluminium.  
 
 
Figure 16: Typical SEM image of CNWs films grown by fixing 800 W power and 665
o
C 
substrate temperature  I) 45 sccm Ar gas flow,  II) 50 sccm argon gas flow 
 
I II 
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Figure 17: SEM image of CNWs with different morphologies deposited by inductively 
coupled plasma enhanced CVD 
 
 
Figure 18: Typical SEM images of CNW film (a) Side view and (b) top view of CNW 
film grown using C2F6/H2 system for 8h (c) Side view and (b) top view of CNW film 
grown using CH4/H2 system for 8h Deposited by electron beam excited plasma (Fig 
adopted from Ref [112]) 
 
These images indicate the vertical growth of the two-dimensional carbon sheets on the 
substrates; the morphology and structure of CNW film depend on the source gases, 
pressure, process temperatures as well as the type of plasma used for the growth of 
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CNWs. Figure 17 shows the SEM image of different morphologies. In addition to the 
vertically standing maze-like structure, are aligned flower type structure, a highly 
branched type, and a porous type structure have been fabricated. The similar results are 
reported by using electron beam excited plasma enhanced chemical beam vapor 
deposition [117] which is shown in Figure 18 [118]. The morphology of CNWs films 
highly depends on the deposition parameters and the type of plasma being used for the 
coatings.  
4.1.1.1. Effect of substrate temperature on surface 
morphology 
  
Temperature is a key parameter for carbon nanostructure synthesis. The temperature can 
be provided by an external source or by the plasma itself or by combining both. It is 
reported that a temperature above 500
o
C is in demand for obtaining nanostructure 
materials [119,120]. Compared with CVD, where thermal activation is necessary to 
sustain the catalytic decomposition of the precursor, in case of plasma methods, the 
decomposition is performed by electron collision or excitation transfer. Thus, in the case 
of plasma methods, the precursor decomposition is performed by electron collision or 
excitation transfer. Hence, a lower thermal activation threshold for the growth is required. 
Several different methods have been used to grow CNWs at substrate temperature above 
400
o
C. Vertically aligned CNWs (thickness 10 to 30 nm, height 600 nm) are synthesized 
using capacitively coupled plasma enhanced CVD at 500
o
C [121]. Low pressure RF 
PECVD [120], Helicon plasma enhanced CVD [123], Microwave plasma enhanced CVD 
[124], and HFCVD [125, 126] methods have succeeded to grow the CNWs at 400
o
C-
700
o
C substrate temperatures. Lowering the substrate temperature is a requirement for 
nanostructure materials which are not compatible with high temperature, for example, 
growth on polymeric substrate or low melting point glasses in the semiconductor 
industry. 
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Figure 19: SEM images of films deposited at various substrate temperature (I) 250
o
C 
(II) 450
o
C (III) 665
o
C at fixed plasma power 500 W and 45 sccm argon gas flow 
 
The correlation of wall size with respect to argon flow and substrate temperature at fixed 
plasma power 500 W (Figure 19 ) and 800W (Figure 20) are shown. The number density 
of the walls increases with increasing the substrate temperature. However, variable 
plasma parameters are complex. Hence, the choice of reduced parameters is desirable for 
the study devoted to finding the correlation between the material properties and the 
plasma characteristics. Shimbukuro et al. [127] reported that substrate surface 
temperature is an important parameter in the preparation of CNWs by hot wire chemical 
vapor deposition. To find the effect of substrate temperature on surface morphology of 
CNWs, Ar gas is fixed at 45 sccm, plasma power is tuned between 500 W and 800 W, 
and varying the substrate temperature (Figure 19 and Figure 20). The higher temperature 
is required to obtain the smaller wall size. 
III 
II I 
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Figure 20: SEM images of films deposited at various substrate temperature  (I) 250
o
 C 
(II) 450
o
C (III) 665
o
C at fixed 800W and 45 sccm argon gas flow 
 
It is also possible to deposit CNWs even at 250
 o
C (Figure 20-(I)) (this is the temperature 
where substrate is heated only by plasma not by additional substrate heater) on steel and 
silicon substrates (Figure 21). It is clear from the Figure 22 that the wall sizes of CNWs 
are influenced by varying the substrate temperature (decreases with increasing 
temperature). Hence, the minimum size of walls can be found at high temperature. 
However, in section, it is discussed that high flow rate of argon gas influences more than 
higher substrate temperature for producing smaller size of walls.  
 
I II 
III 
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Figure 21: CNWs film deposited on silicon substrate at plasma power 800 W, 665
o
C 
substrate temperature 
 
Compared to MWPECVD and RF-PECVD, HFCVD is reported to be more suitable for 
smaller and thus denser nanowalls. [128] Using a C2H2-3%-15%- /H2 mixture as source 
gases, in this temperature range, the size and density of the nanoflakes decreases and 
increases, respectively, as the temperature increases. At 700°C substrate temperature, the 
thickness and lateral size decrease to about 5 nm and 80 nm, respectively, and produce 
dense films.  
In this study, it is seen that the walls size of CNW can be controlled by the substrate 
surface temperature. In the preparation at higher substrate temperature, the activation of 
surface reactions would also increase the nucleation density of CNWs. Then, the growth 
of CNWs with a large wall size may be prevented. 
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Figure 22: Number density of walls with respect to substrate temperature 
4.1.1.2.  Effect of argon gas flow on surface 
morphology  
 
As shown in earlier sections that it is possible to deposit CNWs at low temperature. At 
665
o
C substrate temperature, the smallest wall sizes were found. In this section, the effect 
of Ar flow will be discussed. CNWs are synthesized by varying argon flow rate at 
constant substrate temperature of 665
o
C. The effect of aluminium inclusion in the 
structures of CNWs is studied.  In Figure 23, three samples from all deposited films were 
taken and named as film (a), film (b) and film (c). SEM microstructures show the 
variation in size of walls at various flow rates of argon gas. In Figure 23 (a), the most 
remarkable features of this structure are clearly defined boundaries and relatively constant 
thicknesses of the film. The wall size measured of this film is ~ 300 nm and number 
density of walls is ~ 35 (µm)
-2
 which is plotted in Figure 24. As shown in Figure 23(b), 
when the flow is increased to 45 sccm, the wall size of film decreases to ~ 100 nm and the 
number density of walls is ~ 87 (µm)
-2
. Similarly, in Figure 23(c), increasing argon gas 
flow to 55 sccm, reduces the wall size remarkably to 20 nm and increases the number 
density of walls to ~ 200 (µm)
-2
. 
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Figure 23: Comparison of wall sizes at different argon gas flow at constant temperature 
665 
o
C. (a ) Ar 27 sccm  (b) Ar 45 sccm (c) Ar 55 sccm,  films deposited on steel substrate  
 
a b 
c 
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Figure 24: Number density of walls with respect to argon gas fow. Films are deposited at 
different substrates temperatures and fixed 800 W 
 
Similarly at a fixed substrate temperature of 250 
o
C, in Figure 25, films were deposited by 
varying flow rate of argon gas. The films deposited at higher flow rate of argon gas 
results in reduced wall sizes.  
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Figure 25: SEM images of films deposited at various argon flow (I) 35 sccm  (II) 45 
sccm (III) 55 sccm at fixed plasma power 800 W and 250
o
C substrate temperature. 
4.1.2. TEM observations 
 
Figure 26 shows a low magnification TEM image of the typical CNWs growth. The TEM 
specimen was scraped away from the substrate and ultrasonicated, and then collected on a 
micro grid. A structure of overlapping plane sheets with a relatively smooth surface was 
observed in Figure 26(a). A high resolution transmission electron microscopy (HRTEM) 
image of the edge of CNWs is shown in Figure 26 (c). The high resolution TEM image of 
the CNW reveals the graphitized structure of the CNWs. These images reveal that the 
carbon is present as an amorphous matrix in which nanometer sized crystals of ca. 30 nm 
in diameter are embedded. The diffraction analysis allows the determination of distances 
of lattice planes. These distances of the lattice planes do not fit the value of metallic 
aluminium, but can be found in the XRD-spectrum of Al4C3-powder (“pure”, Carl Roth 
GmbH + Co. KG, Karlsruhe, Germany). From this it can be concluded that the 
I II 
III 
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nanocrystals are Al4C3. It should be mentioned that oxycarbides [129] could not be 
detected.  
 
Figure 26: TEM analysis, a) HAADF-STEM, lamellae consist of amorphous matrix 
with embedded nano crystals, b) cross sectional SEM image of CNWs, c) Cs corrected 
HRTEM, distance of lattice plane 0.188 nm, 0.130/ 0.134 nm,  (d) a high resolution 
TEM image of CNWs, showing graphene layers. 
4.1.3. Raman spectra of CNWs 
 
The Raman spectroscopy is extensively used for the characterization of carbon related 
materials including diamond, diamond like carbon, carbon nanotube, and CNWs. The 
main features in the Raman spectra of carbon are the so called G band and D band peaks, 
which lie at around 1580-1590 cm
-1
 and 1350-1360 cm
-1
 respectively, for visible 
excitation. Except for UV excitation, Raman spectra of carbon films are dominated by sp
2
 
sites, because visible excitation always resonates with the π states. Thus even for highly 
sp
3
 bonds containing amorphous carbon samples, the visible Raman spectra are due to sp
2
 
vibrations [130]. Only for diamond or samples containing a significant fraction of the 
diamond phase, the diamond sp
3
 peak at 1332 cm
-1
 is seen. The cross-sectional sp
3
 C-C 
vibrational signal is negligible for visible excitation; thus, its Raman signature (eg. nano 
crystalline diamond) can only be seen for UV excitation. The cross-sectional signal for 
graphite at 514.5 nm is approximately 55 times higher than that of diamond [131]. The G 
band at 1580-1590 cm
-1
 is the disorder induced phonon mode, resulting from the 
relaxation in the momentum selection rules of the Raman scattering process due to the 
a) b) 
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small domain size in graphite. Typical Raman spectroscopy of the CNWs, deposited at 
665
o
C substrate temperature and an argon flow of 27 sccm grown by ICP-CVD is shown 
in Figure 27. Raman spectra for the CNWs were measured at room temperature using the 
514.5nm line of an argon laser. The typical Raman spectrum of such films have been 
found to have a strong peak at 1590 cm
-1 
(G band) indicating the formation of graphitized 
structure and another peak at 1360 cm
-1 
(D band) corresponding to the disordering 
induced phonon mode. It is found that the bandwidth of the G band is relatively narrow 
compared to usual graphite like carbon [129] even when the peak intensity ratio of D 
band to G band is significantly high. This spectral feature of CNWs is distinguished from 
those of typical graphite carbons reported so far [128]. Because the aluminium is not 
dissolved but precipitated as aluminium carbide, the spectra can be treated as pure carbon 
spectra. Compared with graphite and CNTs the D band of CNWs is very strong (as shown 
in Figure 27); it is due to the high edge density, surface oxidation [132], and 
nanocrystalline structure and to the presence of defects such as distortion, vacancies, and 
strain in graphitic networks, which are typical features in CNWs.  Besides the G peak, a 
distinct shoulder peak at 1621 cm
-1
 has been observed before [121,134,135] which is 
attributed to a D´ band which is only observed in some graphite like carbons and 
associated with the finite size of graphite crystals and graphene edges [136, 137, 138]. 
The strong D band peak and D´ band peak suggest a more nanocrystalline structure and 
presence of graphene edges and defects such distortion, vacancies, and straining of the 
graphitic lattice, which are prevalent features of CNWs. The Raman spectra have a strong 
and sharp D band peak and shoulder peak which are due to the small graphite domains 
and the existence of edges of graphene sheets. It was studied that the D´ band shoulder at 
1602 cm
-1
 is slightly different to the values given in literature. This can be because of the 
presence of the aluminium carbide inside the CNWs matrix. It is shown in Table 2, that 
the G band peak full width half maximum (FWHM), and the peak intensity ratio of the D 
band to the G band ID/ IG correlate with the wall size of the CNWs. The ID/ IG ratio 
depends on the wall sizes. Kurita et al. [133] analyzed the Raman spectra of CNWs of 
different sizes grown using DC plasma enhanced CVD and found that the relative peak 
intensity ratio ID/ IG of the D band and the G band decreases linearly with increasing the 
walls size. The width of the G band is relatively narrow, even when ID/ IG is significantly 
high. This feature of CNWs is distinguished from those of typical graphite like carbons 
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reported so far. From the comparison of these spectral features, they conclude flat 
nanowalls are composed of small crystallites with a high degree of graphitization. Similar 
results were found for present CNWs grown by ICP CVD at 27 sccm argon gas flow. A 
graph between ID/ IG ratio and CNWs size is plotted in Figure 28 and the data is given in 
Table 1. The values of ID/ IG vary from 1.73 - 2.63 and are increasing with decreasing the 
wall sizes. Thus, the mean size of walls is gradually decreasing and the carbon material is 
reducing the size in nanometer. Raman spectra explain more clearly the wall size 
phenomenon than SEM results; hence ID/ IG ration is also an estimation parameter for the 
analysis of wall sizes of CNWs. As seen in Figure 29, CNWs grown by ICP- CVD by 
aluminium acetylacetonate source can produce sizes of walls from 20- 500 nm which are 
the minimum compared to other methods like DC plasma enhanced CVD [133]. CNW 
grown at various flow rates of argon gas were characterized by Raman spectroscopy to 
investigate the gas flow rate effect on the structural properties of CNWs. 
 
Figure 27: Raman peaks of films (a), deposited at 27 sccm argon flow, 665
o
C substrate 
temperature and plasma power of 800 W. 
 
Figure 29 shows the Raman spectra of CNWs deposited at constant temperature 665
o
C 
and plasma power 800W with different flow rates of the argon gas. Raman spectra of all 
the CNWs films have a G peak around 1580 cm
-1
 and a D band peak at around 1340 cm
-1
. 
The G band peak is accompanied by a shoulder peak at 1607 cm
-1
 (D’ band peak). As 
described above the strong D and D’ peaks indicate a more nanocrystalline structure and 
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the presence of graphene edges and defects, which are features of CNWs. Figure 30 
shows the ratio of the peak intensity of the D band to that of the G band (ID /IG).The ID /IG 
ratio decreased with an increase in argon flow rate, argon being the carrier gas for 
aluminium acetylacetonate. So it is indicated that the addition of argon gas to 
acetylacetonate is improving the crystallinity of CNWs by suppressing second nucleation, 
resulting in an improvement of the crystallinity of CNWs films as shown in the SEM and 
the TEM images of Figure 23 and Figure 26 respectively. 
 
Figure 28: Graph between wall size and ID/IG ratio. Comparison of wall size of CNWs  
with the reported data( films deposited by DC enhanced CVD) and present data ( film 
deposited by ICP-CVD). 
 
It is found that the bandwidth of the G band is relatively narrow, even when the peak 
intensity ratio of D band to G band is significantly high. This spectral feature of CNWs is 
distinguished from those of typical graphite carbons reported so far [133]. Because the 
aluminium is not dissolved but precipitated as aluminium carbide, the spectra can be 
treated as pure carbon spectra. Figure 31 shows Raman spectra of both, a CNW sample 
with Al4C3 inclusions and a pure Al4C3 powder sample. It is seen that some characteristic 
peaks in these spectra can be found at the same wave number positions making it difficult 
to assign specific peaks to that of Al4C3 in the CNW measurement. Just as the Raman 
spectra, additional XRD-measurements confirm the usual graphitic structure of the CNWs 
as mentioned in reference (Figure 33). 
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Figure 29: Comparison of Raman spectra of CNWs at various argon flow rate. All films 
are deposited at constant substrate temperature 665
o
C and plasma power 800W 
 
Figure 30: The peak intensity ratio of the D and the G band as a function of the argon 
gas flow 
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Figure 31: Raman spectra comparison of Al4C3 powder sample and CNW sample 
 
Figure 32: XRD measurement of a film deposited at 35 sccm argon flow, and 665
o
C 
substrate temperature 
 
The small crystallite size of the graphitic phase measured by XRD (Figure 32) is 
consistent with the high ID/IG intensity ratio measured by Raman spectroscopy. 
Furthermore, the narrow FWHM (G) - one of the most important Raman spectral features 
in CNWs [133] indicates a high degree of graphitization in the films. Thus, it cannot be 
assured that the aluminium catalyzes the growth of the CNWs. On one hand, the TEM 
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analysis shows an amorphous carbon structure surrounding the Al4C3 nanoparticles 
suggesting that the formation of the Al4C3 leads to an amorphisation of the matrix in the 
vicinity of the precipitates. On other hand, similar structures can be produced using 
metalorganic-Ti-precursors like Cp*TiMe3 (Pentamethyl-cyclopentadienyltitan(IV)-
trimethyl, [(CH3)5C5Ti(CH3)3]. The electrical resistivity (at 137 K), determined using a 
four probe STM (Omicron) with a tip distance of 10 µm, was 800 Ohm * cm
-1
 giving no 
hint of Al functionings as a dopant. 
4.1.4. Effect of argon gas flow on surface 
stoichiometry  
4.1.4.1.  EDX Analysis 
 
Figure 33 shows an EDX pattern of CNWs deposited on a stainless steel substrate. The 
EDX shows the presence of carbon, aluminium, oxygen and Fe as well as chromium and 
nickel which are generally present in stainless steel substrates. Figure 34 shows the EDX 
pattern of the film after normalizing the substrate components like Fe, Cr, and Ni. A 
typical extraction of chemical composition datas from a CNW/stainless steel sample 
made by using the EDX method is shown in Table 2. 
EDX measurements (Figure 34) show that the atomic content of aluminium gradually 
increases with increasing argon flow. Also, the carbon content decreases with argon flow 
rate. The atomic content of aluminium is 0.9% when deposited at 28 sccm argon gas flow. 
With increasing flow rate of up to 45 sccm and 55 sccm, the atomic content increases up 
to 1.27% and 2.63% respectively. Hence, the aluminium concentration in the CNW 
sample increases with increasing the argon gas flow rate. 
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Table 2: Quantitative analysis of chemical composition by EDX 
 
Element  Wt %  At % 
 C K 43.43 70.89 
 O K 9.53 11.68 
 AlK 2.03 1.48 
CrK 8.43 3.18 
 FeK 33 11.58 
 NiK 3.58 1.19 
 Total 100 100 
 
The effect of argon gas flow on the structure of CNW it has already been discussed that 
the wall size of CNWs decreases with increasing the argon gas flow. EDX also suggests 
that with increasing flow rate of argon, aluminium concentration increases and the wall 
size (SEM) of the CNWs decreases. Hence at high percentage of aluminium in the films, 
minimum size of walls. From the TEM analysis, aluminium forms aluminium carbide 
crystals embedded inside the CNW matrix. The two possibilities are there, either 
aluminium acts as an impurity inside the CNW matrix, aluminium behaves like a catalyst. 
The amount of aluminium in the films is very small (less than 3%), so it can also behave 
as an impurity inside the films. The impurities reduce the size of grains and create defects 
such as distortion, vacancies, and straining dislocations. Small wall sizes, defects like 
distortions and vacancies are the properties of the CNWs which have been observed. 
Hence, aluminium carbide patches may be considered like the impurities which decrease 
the size of the CNW walls. It is unclear if aluminium is functioning as a dopant.  
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Figure 33: EDX pattern of CNWs deposited on a stainless steel substrate. 
 
 
Figure 34: Carbon and aluminium content in atomic weight % changing with argon gas 
flow for typically deposited CNWs. Data are extracted from EDX quantitative 
measurements. 
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Because the electrical resistivity (at 137 K), determined using a four probe STM 
(Omicron) with a tip distance of 10 µm, was 800 Ohm * cm
-1
 giving no hint of Al 
functioning as a dopant.  
It is common to use catalysts like metals and aluminium oxide in the growth of CNWs/ 
CNTs [118]. It can’t be assured that aluminium catalyzes the growth of the CNWs. As 
TEM analysis shows an amorphous carbon structure embedding Al4C3 nanoparticles 
suggesting that the formation of Al4C3 leads to an amorphisation of the matrix in the 
vicinity of the precipitates. Also, similar structures can be produce by using another metal 
organic Ti-precursor like Cp*TiMe3 (Pentamethyl-cyclo penta dienyltitan (IV)-trimethyl, 
[(CH3)5C5Ti(CH3)3].  
4.1.4.2.  SIMS and NRA Analysis  
 
The secondary ion mass spectroscopy (SIMS) and the NRA are studied. Three films, 
deposited at constant 665
o
C substrate temperature and plasma power (800W) and varying 
argon flow rate from 28 sccm to 55 sccm were analyzed. SIMS analysis shows (Figure 
35) that the atomic content of aluminium inside the films varies with the flow rate of 
argon gas. Thus, it can be concluded that the aluminium content can be controlled by the 
argon gas flow. The hydrogen content has been determined from SIMS depth profile. The 
more accurate information about H2 content is determined by NRA [136]. SIMS and 
NRA result are shown in Figure 36. The hydrogen content is between 3% and 5% 
independent from the argon flow. The depth profile shows a rather homogeneous 
distribution within the film as shown in Figure 37. 
. 
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Figure 35: SIMS measurement of sample (a) 
 
 
 
Figure 36: Variation of hydrogen percentage with gas flow by SIMS and NRA 
measurements 
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Figure 37: NRA depth profile 
 
4.1.4.3.  XPS Analysis 
 
Al 2p peaks as a function of the precursor flow rate are shown in Figure 38. The 
continuous lines show the experimental data while the fits are drawn as dashed lines. The 
asymmetry of the peaks indicates the existence of two aluminium species in the samples: 
Al4C3 and Al2O3. The spin-orbit split (=0.4 eV [137]) of the Al 2p line could not be 
resolved within the resolution of our equipment. The Al 2p line was fitted using two 
peaks spaced 1.6 eV apart (see the inset of Figure 38), the 74.6 eV peak being due to 
aluminium carbide and the peak at 76.2 eV being attributed to spurious aluminium oxide. 
The signal is clearly dominated by aluminium carbide (80-90% of the integrated peak 
area). No significant variation of the binding energy was found in comparing the different 
films indicating similar aluminium environments for all precursor concentrations. The 
total area of the Al 2p peak correlates well with the concentration of aluminium due to the 
variation of the argon flow found by SIMS Figure 39 shows a comparison of the emission 
from the C 1s state between two CNW samples prepared at increasing argon flows.  
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Figure 38: Comparison of Al 2p XPS spectra for different flow rates 
 
The structure and the position of the C 1s peak at 284.7 eV show the graphitic nature of 
the carbon forming the CNW in the film. No additional influence of the precursor 
concentration on the peak shape and hence the carbon bonding structure could be found. 
 
Figure 39: Comparison of C 1s peaks for two different flow rates 
 
Taking the position of the C 1s peak as a reference point for the spectra, good agreement 
between the results reported in this study and Al4C3 reference spectra can be established. 
In Table 3, XPS analysis is compared with data from previously reported work [138, 139] 
on aluminium-carbon interfaces. A relative spacing between the C 1s position and the low 
binding energy component of the Al 2p line of =210.1 eV is found, which agrees well 
with the data reported by Maruyana et al. [138] and Hua et al. [139] and confirms our 
assignment of this peak to the Al4C3 species. Our interpretation is additionally supported 
by the spacing between the Al4C3 and Al2O3 features which agrees with the one reported 
in the literature. 
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Table 3:Comparison of XPS-data evaluated in present work  and previous works 
 
Element   Present work Maruyama et al. 
[138] 
=E(C1s)-E(Al2p) 
Hua et al. [139] 
(distance to data 
acquired in the 
present work) 
C 1s  /eV 284.7 284.1 284.4 
Al4C3 / eV 74.6 
 =210.1 
73.6 
 =210.5 
74.2 
 =210.2 
Al2O3 /eV 76.2  
 =208.5  
75.2 
 =208.9 
- 
 
Summary 
 
This chapter explains the physics of CNWs produced by ICP−CVD using a metal organic 
precursor on different substrates like silicon or steel. The chapter introduces the 
production of CNWs without using an additional catalyst or reactive gases. It can be 
deposited at various substrate temperatures (225
o
C-665
o
C). The work can be summarized 
as follows:  
 SEM studies explain that the sizes of carbon walls are influenced by various 
plasma parameters like substrate temperature, argon flow, and plasma power. 
 EDX and SIMS show that the aluminium content inside the film can be controlled 
by the flow of argon gas and it significantly influences the size of walls as well.  
 Raman analysis shows the typical CNWs peaks with high ID/ IG ratio, which is so 
far reported, the smallest size of CNW. 
 TEM images conclude that there are some crystallite inclusions inside the 
graphitic matrix. It is evident from XPS that the crystalline inclusion is nothing 
else but aluminium carbide (Al4C3). 
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5. Electron Emission in CNWs 
 
There are various materials, which have proven their application as electric field emitters. 
The carbon gives the possibility to form various phases of carbon structure. 
Diamond/graphite composite materials have good field emission properties and have 
received enduring attention due to the strong potential of this material. It can be employed 
as the cold cathode material in flat-panel displays and other electronic emitting devices. 
In the very beginning, research was focused on diamond [140, 141]. Special surface 
treatments of diamond to the (1 1 1) crystal plane produce a property called “negative 
electron affinity” NEA [142]. Basically it says that electrons may be emitted from this 
(111) crystal plane surface into vacuum without having any barrier, with the condition 
that the conduction band has been populated. If electrons can be supplied, diamond 
should emit electrons at very low applied fields. The property of negative electron affinity 
(NEA) that can be displayed by diamond form of structure is not the only reason for low 
electron emission application [143]. Moreover, films properties are found to depend on 
the crystalline structure of grain boundaries, which determine the electrical and optical 
characteristics of the films [144,146]. When the system (thin films) moves towards 
nanostructure size, the grain size reduces. With the reduction in grain size, graphitic 
inclusions and H content inside the grain boundaries increase. Inside the grain boundaries, 
the interconnected network is formed by sp
2
 bounded carbon. In the interconnected 
network, electrons are free to move inside the carbon structure (nano). This phenomenon 
makes a carbon nanostructure like a conduction promoter [146]. However, the reports on 
whether hydrogen incorporation within the structure will increase or decrease 
conductivity are controversial [145, 146]. Carbon nanotubes and nanocrystalline diamond 
with some graphitic inclusion have shown low onset fields, and a homogenous emitter 
distribution with large number densities [147]. Microscopic field emission (FE) 
investigations suggested that a high electric field enhancement occurs at the conducting 
graphene layers between diamond crystallites [148]. In spite of their random growth, 
vertically oriented carbon nanowalls (CNWs) with high aspect ratio and sufficient electric 
conductivity might be useful for simple FE devices in diode configuration (e.g. flat 
lamps), especially if practical substrate materials could be used. For gate-controlled 
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devices, however, either structured growth or post-structuring of CNWs is required. The 
investigations of emission from CNWs for the application as cold cathode have been 
discussed. First results on laser-structured CNWs on Si and stainless steel substrates are 
described in this chapter and reported [149].  
5.1. Emission by Integral measurement system with 
luminescent screen (IMLS)  
 
The first experiment of emission has been done by integral measurement system with 
luminescent screen (IMLS). Main aims of investigation were:  
 To make a conclusion about usability of such sample as a cold cathode. 
 To estimate onset field, maximal integral current capability, density of emitters, 
total uniformity and stability of emission.  
 
Figure 40: The position of the sample (≈6.3x4.2 mm2) in IMLS 
 
For this experiment, the sample has been attached to the aluminium cathode-holder by 
means of a SEM button and aluminium foil to provide good electrical contact. The 
position of camera frame is the same in Figure 40 and during measurements. The edges of 
the sample on the round holder are marked with the white rectangle in Figure 40. 
Obviously, the sample is diagonally oriented about 45º. During the IMLS measurements 
cathode-screen spacing was about 300 µm. Base pressure in chamber was about 1.5·10
-6
 
mbar. Partial sulphur pressure controlled by quadropole mass-spectrometer to avoid the 
destruction of phosphor screen was in the range 0.2-0.22·10
-11
 mbar.  
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Figure 41: I(E)-curve and FN-plot observed during first dc-test.  
 
 
Figure 42: Emission images acquired during first dc-test: Left at 5.2 A, 4.5 V/m; 
Right at 16 A, 5.8 V/m 
 
 
Figure 43: Emission images observed (a) during pulsed processing (81 A @ 10.4 
V/m) and (b) after processing (2.5 A @ 4.8 V/m). Current was measured at flat part 
of pulse. Duty cycle was 2:20 ms 
 
The IMLS experiment included two direct current (dc) tests and one pulsed test. In Figure 
41, the I-E curve and FN plot has been observed during first DC text. I(E)-curve has a 
hysteretic character and stabilized emission behavior of the sample during down-cycle. 
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Integral field enhancement factor was reduced from 5350 (increase of voltage) to 4100 
(decrease). 
Figure 42, shows the ascending of field was stopped at 5.8 V/m to avoid the destruction 
of the phosphor screen due to some strong emitting spots. It can be explained by partial 
destruction of strongest emitters what corresponds to decreasing of integral . An 
averaged density of emitters of about 200 per cm
2 
at 4.5 V/m was observed in first DC 
test (Figure 42). Pulsed processing effect has been observed in Figure 43. With increasing 
the field, emission increases and at the highest field the strongest emitters were 
destructed. Also the emission was redistributed. Integral field enhancement factor (Figure 
44) was decreased from 3780 down to 2950 during the processing. An averaged density 
of emitters of about 950 per cm
2
 at 10.4 V/m was observed. In Figure 45, FN-plot 
integral field enhancement factor is about 3000 is calculated. From this first experiment it 
was summarized that the sample showed onset field about 3.7 V/m (for 1 A), total 
current up to ~20 A in dc and 80 A in pulsed tests. The emission homogeneity over 
whole area of the sample is moderate and has been improved by pulsed processing. The 
destruction of strong emitters during IMLS measurements has led to stabilization of 
emission behavior and increasing of onset field from 3.7 up to 4.5 V/m. Integral field 
enhancement factor was decreased from 5350 to 3000 during experiment. An averaged 
density of emitters was 200 and 300 per cm
2
 (for ~4.6 V/m) in first and second DC test, 
shown in  Figure 42 and Figure 46 respectively, and was increased up to 950 per cm
2
 (at 
10.4 V/m) in pulsed test. Investigated  type of  nanosheets-sample can be used as a cold 
cathode. To reach more uniform emission, structuring the CNWs has been used.  
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Figure 44: I(E)-curve and FN-plot  (pulsed processing test) 
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Figure 45: I(E)-curve and FN-plot observed during second DC test.  
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Figure 46: Emission images acquired during the 2nd dc-test at (a) 2.2 A, 4.6 V/m, (b) 
6.7A, 5.8 V/m and (c) 20 A, 7 V/m. Density of emitters at 4.6 V/m is ~300 per cm2 
 
5.2. FESM investigation of structured CNW-block 
cathode  
5.2.1. Structuring/Patterning of carbon nanowalls 
 
As described in earlier section, CNWs can be used as an cold cathode. For the uniform 
emission structuring of CNWs is required. Laser structuring has been used to pattern 
carbon nanowalls, which are coated on silicon and stainless steel samples. Diode pumped 
solid-state laser has been used for such patterning. The laser was operated at a wavelength 
of 532 nm, at a pulse length of 10 ns, and at a pulse frequency of 50 kHz. During 
patterning, the focused laser spot with a 1/e
2
 diameter of about 30 µm was moved across 
the sample surface at a writing speed of 30 cm/s. The average laser power was set to 1.15 
W (Si) and 2.08 W (stainless steel), respectively. Quadratic grid patterns with a pitch of 
60 µm were fabricated over an area of 5x5 mm
2
. In Figure 47, a patch of CNWs arrays is 
shown. The cathode contains arrays of CNW-blocks of around 20 x 20 µm with 60 µm 
a b 
c 
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pitch and around 20 µm of height (Figure 48 a, b) (prepared blocks) are used for testing in 
a field emission scanning microscopy (FESM).  
 
Figure 47: SEM images of untested CNW- blocks on a silicon substrate. Different 
shapes of the CNW-blocks lead to different field emission results (FE). a) top view b) 30º 
tilt view 
 
5.3. FESM of carbon nanowalls  
 
The FE properties of the laser-structured CNW cathodes were measured with a field 
emission scanning microscope (FESM) at a vacuum of 10
-9
 mbar using a tungsten anode of 
truncated cone shape with adjusted diameter (a=30 µm) at a gap ∆z [140]. In order to 
investigate the FE mechanism and achievable current limit of the CNWs, local current-
voltage measurements were performed on selected patches (e.g. the numbered ones in 
Figure 49 d). The local field was always calibrated by means of V(z) plots [145]. From a 
detailed top view SEM image of the CNW-block, it looks cracked ,(Figure 48 left) as well 
as looks like inhomogeneous CNW spherical aggregates (Figure 48 right). Therefore, the 
current jumps and different FE properties are possible during the measurements. In order to 
investigate the homogeneity and the alignment of an emission from the cathode, seven 
(two) voltage scans at fixed field emission current (at 1nA) were performed in different 
areas of the cathode with Øanode = 30 µm (3 µm).  
Medium Figure 49 (a, b) and high (Figure 49 c) resolution voltage maps show that most 
emitting areas of the cathode emit at a field of 10-20 V/µm. Voltage maps of the cathode 
showed fairly visible alignment of emission and nearly a 100 % of emitting CNW-blocks 
but with moderate homogeneity. 
a b 
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Figure 48: Top view SEM image of untested CNW-block: CNW- block looks shattered 
into many pieces (on the left) and CNW spherical aggregates (on the right) 
 
 
Figure 49: Voltage maps at 1 nA fixed FE current scanned with Øanode = 30 µm (a, b, d) 
and Øanode = 3 µm (c). Scan (b) was automatically stopped because of a current jump 
 
There are some strong emitters, which lead to a scattering of the onset field of the CNW-
blocks and less homogeneous emission. It is due to a different geometry of blocks Figure 
47 (a) and their rectangular shape. As shown in these figures, aligned FE was obtained 
from nearly all CNW patches at Eon (1nA) = 10-20 V/µm on both substrates. The 
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homogeneity of the FE, however, appears rather limited due to the varying shape of the 
individual CW patches. In Figure 50, SEM image of the part of the cathode after the 
voltage scans. It can be seen that a lot of CNW-blocks have been partially destroyed by 
current jumps.  
 
Figure 50: SEM image of a part of the cathode where a few voltage scans at 1 nA fixed 
FE current were done. There are many CNWs-block that have been partially destroyed 
during the scan due to current jumps 
 
In order to investigate FE properties of individuals CNW-blocks, local measurement on 8 
blocks with the diameter of the anode being Øanode = 30 µm have been performed from a 
previous voltage map (Figure 49b) (numbers correspond to the numbers in Table 4.) Each 
CNW-block was measured in the loop with step by step increase of the current. 
Processing at constant voltage was carried out when the current value reaches at Iproc. 
Positions of the needle were estimated by means of the optical system and coordinates of 
the stepping motor. Local distance ∆z has been measured by U(z) plot for each emitter. 
All measurement results are shown in Table 4. 
 
 Electron Emission in CNWs  90 
 
 
Figure 51: Histograms of the onset field (at 1nA FE current).(mean value up = 22 V/µm 
(down = 25 V/µm)) (on the left) and the field enhancement factor (mean value ln(ßup) = 
4.84 (ln(ßdown) = 5.01) or ßup = 126 (ßdown = 149)) (on the right) 
 
Measured with Øanode= 30 µm, the value of the onset field for CNW-blocks scatters from 
14 to 32 V/µm (from 18 to 42 V/µm) during up (down) cycle (Figure 51 left). Changes of 
Eon after up cycling and processing indicate changes by the FE current on the emitter 
geometry. The Field enhancement factor, extracted from different parts of all FE plots of 
all CNW-blocks (assuming a work function of 4.9 eV) shows a Gaussian like distribution 
(Figure 51 right) changes by the FE. Local measurements show the expected hyperbolic 
correlation between onset field and field enhancement factor (Figure 52). For CNWs on 
Si a hyperbolic correlation between Eon (1nA) and the field enhancement factor β 
(assuming a work function of 4.9 eV) resulted. Typical observed FN plots of measured 
CNW-blocks are given in Figure 53 - Figure 57. Most of FN has shown FN-like 
distribution (Figure 53- Figure 54) at low external field and a saturation region at a higher 
field (Figure 55, Figure 56). The saturation could be due to adsorbents on the emitter tip 
and/or emission from the Si-substrate (p-type). Usual Fowler-Nordheim-like behavior 
was always observed.  Slightly higher values for down than for up cycles might be 
caused by adsorbent effects. In comparison, the measured Eon(1nA) values for CNWs on 
stainless steel were on average somewhat higher and less correlated to the values. A 
large scattering was also obtained for the maximum current values Imax (~1-100 µA) of 
the CNW patches on both substrate materials (Figure 58). As shown in these figures, 
fairly aligned FE was obtained from nearly all CNW patches at Eon(1nA) = 10-20 V/µm 
on both substrates.  
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Table 4: Results of local measurements by Øanode = 30 µm 
 
№ 
 
 
∆z, 
µm 
↑Eon, 
µm 
↓Eon, 
µm 
↑ß ↓ß Iproc, µA 
(at U,V) 
Comments 
1 1 26.62 26.61 25 100 
236 
196 
113 
96 
1 
(975) 
Current fluctuation during processing 
between 600nA and 1.3µA,    
2 - 23.75 26.53 89 
115 
138 
138 
85 
1.5 
(1050) 
Current fluctuation during processing 
between 1.3µA and 2.5µA,    
2 1 19.35 35.65 29.97 76 147 
135 
53 
1 
(1000) 
Current jump from 1 to 2.5 µA and current 
fluctuation between 1.6 µA and 6.9µA 
during processing,  
 
2 - 30.99 32.51 41 
84 
72 
76 
106 
90 
0.7 
(810) 
Current fluctuation between 0.18 and  1.08 
µA during processing, 
3 1 28.53 31 41.25 27 
29 
94 
34 
128 
19 
0.2 
(1560) 
Current fluctuation between 0.15 and  1.5 
µA during processing 
4 1 23.20 29 28 104 
118 
158 
141 
0.9 
(900) 
Current fluctuation between 90nA and 500 
nA during processing. 
 
2 - 26 26 98 
237 
266 
186 
103 
0.1 
(810) 
Stable, reproducible, current fluctuation 
between 110nA and 150 nA during 
processing.  
 
3 - 25 26 128 211 0.11 Current fluctuation between 45 – 190 nA 
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204 154 
163 
131 
(812) during processing,  
4 - 26 26 127 
107 
162 
140 
125 
157 
107 
0.28 
(887) 
 
Current fluctuation between 210 – 610 nA 
during processing. 
5 1 23.86 20 18 204 219 
195 
3 
(743) 
Deactivation of emission from 3.5µA to 2.5 
µA during processing.  
2 - 19 19 201 201 1 
(705) 
Stable, reproducible, current fluctuation 
between 1.1µA and  2.25 µA during 
processing. 
6 1 25.51 28 21 156 221 
266 
334 
174 
5 
(1060) 
Current fluctuation between 4µA and  8.5 
µA during processing. 
2 - 17 18 74 
290 
356 
195 
221 
229 
5 
(843) 
Deactivation during processing from 5µA to 
2 µA. 
3 - 18 17 123 
218 
205 
248 
330 
278 
20 
(980) 
Current fluctuation between 17.5µA and  
22.5 µA during processing 
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223 
4 - 17 20 207 
289 
535 
221 50 
(1110) 
Current fluctuation between 45µA and  52 
µA during processing. 
 
7 
1 26.11 32 20 128 128 
228 
171 
- Current jump from 2µA to 60 µA during up 
cycle, visible light has been observed during 
processing at 60 µA. 
 
2 - 20 21 174 
114 
107 
188 
70 
(1320) 
Deactivation during processing from 70µA 
to 58 µA, visible light. 
 
 
 
8 
1 29.11 33 23 125 
89 
57 
316 
46 
50 
(1650) 
Activation during processing up to 62µA. 
2 - 23 19 36 
114 
330 
144 
691 
146 
65 
- Unstable FN- plot, maximum achieved 
current value Imax = 280 µA during up cycle. 
3 - 15 18 87 
435 
125 
187 
59 
250 
(1900) 
Activation during processing up to 290µA. 
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Figure 52: Onset electric field Eon (for 1nA) as a function of the field enhancement 
factors ßeff of all measured emitters 
 
. 
 
 
Figure 53: FN – plot (a) and corresponding  I(t) – (b), I(E)– (c) and I(U) – (d) plots of 
local measurement 
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Figure 54: FN – plot (a) and corresponding  I(t) – (b), I(E)– (c) and I(U) – (d) plots of 
local measurement. 
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Figure 55: FN – plot (a) and corresponding  I(t) – (b), I(E)– (c) and U(t) – (d) plots of 
local measurement 
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Figure 56: FN – plot (a) and corresponding  I(t) – (b), I(E)– (c) and I(U) – (d) plots of 
local measurement 
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Figure 57: FN – plot (a) and corresponding  I(t) – (b), I(E)– (c) and I(U) – (d) plots of 
local measurement. 
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Figure 58: Maximum achievable current vs. corresponding operation field for single 
CNW patches on both types of substrates. 
 
 
 
Figure 59: SEM images of the CNW-blocks array after the local measurements on the 
left and zooming selected area of the single CNWs-block, which provided a current of 
about 50-70 µA on the left. The CNW-blocks were strongly modified by the FE current 
 
The homogeneity of the FE, however, appears rather limited due to the varying shape of 
the individual CNW patches. Examples of destructions of CNW-blocks by an FE current 
are shown in Figure 58. It can be seen that partial destruction (observed by FE current) 
leads to burning of CNWs. 
 
 Electron Emission in CNWs  100 
 
Summary 
 
Carbon nanowalls are promising as electric field emitters [150]. Laser-structured CNW 
cathodes have been successfully fabricated on both Si and stainless steel substrates. 
Following is a brief overview: 
 The almost constant value of ∆z indicates uniform height of CNWs on the 
substrate.  
 The CNW-blocks emitted at an average field level of 22 V/µm for 1 nA current.  
 The structured CNW-cathode showed visible alignment and a moderate 
homogeneous emission. Some degradation of homogeneity can be explained by a 
variation of the shape of the CNW blocks. 
 Local measurements have shown that the achieved current values from a single 
CNW-block strongly vary between 0.2 – 250 µA. Six from eight emitters have 
shown a very stable emission current up to 0.75 µA during the first cycles. Stable 
and reproducible emission up to 20 µA at an applied external electric field of 38 
V/µm after several emission cycles has been observed. At higher fields, a partial 
destruction of the emitters occurred.    
 Current saturation effect was observed leading to a horizontal plateau in the I-V 
curves of CNWs in the µA range.  
 
However, the FE results of these first samples are encouraging, but further optimization is 
required to exploit their full potential for device applications.   
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6. Aluminium Oxide Films       
 
It has been reported that carbon nanowalls have been grown under oxygen plasma to 
improve random orientation for large plane sheets. Takeuchi et al. [151] reported that 
when carbon nanowalls are deposited in the presence of oxygen plasma, less branching 
results. Hence, oxygen may improve the orientation of carbon nanowalls. In this work, 
films were also deposited under oxygen plasma. Films were grown by continued delivery 
of argon gas through the precursor source (aluminium acetylacetonate) and of oxygen gas 
by varying their flow rate. 
No carbon was observed in the films and instead aluminium oxide was formed. However, 
an alumina CVD coating by using aluminium acetylacetonate precursor is well known 
method. Moreover, deposition at low temperatures is still a challenge. Alumina has been 
at a high demand for the industry for mechanical applications. In this chapter, amorphous 
and crystalline aluminium oxide films are discussed. 
6.1. Aluminium Oxide Coatings 
 
Aluminium oxide thin film deposition by CVD has been widely reported. Alumina 
coatings show various good mechanical properties as well as chemical inertness and high 
oxidation resistance at high temperatures. Hence, this material is suitable for corrosion 
protection and as a diffusion barrier [152, 153], as an advanced dielectric [154], for 
optical coatings [155] and as an electro-chromics [156]. It is clear that the films can have 
different poly morphs (α, k, δ, γ-Al2O3) and also amorphous alumina which - depends on 
the deposition conditions. The thermodynamically stable phase is alpha alumina, much 
often favored at high temperature and high load applications. However,  and  have also 
proven to be suitable alternatives. For the deposition of alumina various deposition 
techniques have been used including thermal CVD and PVD. It was reported that 
polycrystalline δ and γ alumina films can be obtained by CVD and PVD at temperatures 
greater than 800
o
C and greater than 1000
o
C, respectively. Unfortunately, a high 
deposition temperature is not favorable for many substrate materials, especially for 
tooling applications (e.g. steel). The growth temperature of crystalline alumina films can 
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be reduced by using Plasma-Enhanced-CVD (PECVD) deposition technique. It has 
proven itself a best alternative, because the use of energetic particles in plasma deposition 
can dramatically influence the substrate temperature. For example, a significant decrease 
of growth temperature in the formation of alpha alumina was reported using pulsed 
magnetron sputtering (>760
o
C) [157]. It is demonstrated that PECVD may be engineered 
to deliver self-limiting growth of metal oxides using pulse power modulation [157] was 
developed for the deposition of metal oxide/ alumina films. However, few groups have 
reported substrate temperatures sufficiently low for deposition on tool steels (500
o
C-
900
o
C). α alumina at temperatures lower than 500oC is only based on homo-epitaxial and 
localized epitaxial growth on chromium templates and the deposition rates were not 
compatible with the requirements of the tool- coating industries. Few groups have 
reported film formation using plasma enhanced CVD [152]. Due to the insulating 
properties of alumina utilization of either a high frequency or a pulsed DC discharge is 
necessary. By driving a discharge amorphous alumina was reported from 200
o
C to 600
o
C 
[158] growth temperature. The formation of mixtures of γ and α alumina or even pure α 
alumina utilizing a bipolar pulsed DC generator at 650
o
C substrate temperature was also 
reported [159]. Hence, the deposition of α alumina coating at low temperatures as well as 
maintaining the film quality remains a challenge.  
6.2. Deposition of Alumina  
 
Alumina films were deposited from aluminium acetylacetonate and oxygen as precursors 
in an ICP- CVD reactor. The aluminium acetylacetonate (Al(acac)3) precursor was 
sublimated in fluidized bed evaporator at a constant temperature of 150
o
C and then 
transported to the reaction chamber. For this experiment argon gas was fixed at 27 sccm 
and oxygen gas was varied from 20 sccm to 40 sccm. The films were deposited at 
different substrate temperatures between 500
o
C and 800
o
C and with varying pulsed DC 
biasing voltages from 10V to 100V at 3 amp current. Additionally, the plasma power was 
varied from 400 Watt to 800 Watt for some experiments.  
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6.2.1. Chemical compositions 
 
Some of the films deposited on silicon were also analyzed using EDX to obtain the 
chemical composition (Figure 60). The substrates of these films contain no aluminium 
and chromium which could destroy the findings. The EDX measurements reveal the 
presence of mainly aluminium (30.30%) and oxygen (56%) in the films.  However, the 
carbon content inside the aluminium precursor is 98% though films are free from carbon 
contents.  
 
 
Figure 60: EDX analysis of the films 
 
6.2.2. Surface morphology and phase analysis 
 
XRD results show that films deposited at lower substrate temperature than 665
o
C were 
found to be amorphous aluminium oxide films. They were found amorphous at a low 
flow of oxygen. To achieve crystalline aluminium oxide films were deposited at higher 
flow rate than 40 sccm. γ-Al2O3 phase were found at 40 sccm flow rate and 665
o
C  
substrate temperature (Figure 61(a)). Furthermore, substrate was biased with pulse DC 
power and varied from 10 V till 40 V to increase the plasma density and element energy 
inside the plasma.  Figure 61 (b) and Figure 61 (c) show that films are mixtures of poly 
types (α, γ) of alumina if the substrate was biased by 20 V-40 V pulse DC voltage. The 
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optimum range of pulse DC biasing voltage for polycrystalline alumina was investigated 
from 20V to 100V at plasma power 800 Watt.  It is described that crystalline alumina 
films have been deposited at reduced substrate temperatures by ICP-CVD from 
aluminium acetylacetonate precursor. Further, systematic investigations are necessary to 
deposit phase pure -Al2O3 at the lowest substrate temperature possible, and to dope 
these films. Positive pulse DC substrate biasing has shown a significant improvement of 
phase formation from  to  constituent. At 20V substrate biasing, the XRD graph (Figure 
61) shows the peak of (112) α and small amounts of owever, when positive biasing is 
increased to more than 20V, the γ phase forms at the same plasma parameters 
6.2.3. In-situ substrate temperature measurement  
 
Low temperature thin film coatings by chemical vapor deposition (CVD) as well as 
physical vapor deposition (PVD) methods are widely used, nevertheless a deep 
understanding of the fundamental physical processes during thin film deposition is 
missing up to now in many areas. Various parameters that need to be considered are 
shown in Figure 62, where the influencing variables are shown in a flow diagram. To 
quantitatively understand the connection between the performances of the films and the 
process parameters of the deposition, it makes sense to subdivide the process into 
separated successive steps [160] and understand how the specific steps contribute to the 
properties. Thus, on one hand microscopic film properties depend on the substrate 
properties (lower branch in Figure 62) and on the other hand on the particle fluxes 
interacting with the substrate (upper branch in Figure 62). 
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Figure 61: XRD-patterns of the films grown at 665°C,  800 W plasma power, and 
varying bias-voltage, 1) No biasing, 2) 20V DC pulse bias, 3) 40V DC pulse bias 
 
Besides the plasma parameters, the (surface) temperature of the growing film is of the 
great importance. But the exact determination of this parameter can be very complicated. 
For example, in conditions where thermocouples and pyrometers cannot really be used, 
such as at high heat throughput (e.g high rate deposition of diamond) or with “3D 
substrates” that cannot be tightened to a substrate holder. Obviously, it would be best to 
measure the temperature precisely within the growing film (or at least directly at the 
growing film).  
In the present study, a new approach is shown to overcome this problem. This approach 
consists of two parts:  
 In-situ surface temperature measurement in hydrogen/oxygen PECVD plasma by 
using thermo graphic phosphor.  
 Alumina deposition in PECVD 
The surface temperature in hydrogen/oxygen plasma can be (in principle) optically 
measured in-situ by using thermo graphic phosphor. Thermo graphic phosphor means if a 
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small amount of dopant (Cr) in the film is present, which are excitable by a pulsed LED. 
By this excitation, it produces fluorescence with a constant decay depending on the 
temperature. This constant decay gives the information about the surface temperature. For 
this measurement chromium doped alumina (ruby) films prepared by the Sol-Gel method 
are used here as an example for a thermo graphic phosphor coating. Chromium doped 
alumina films deposition by PECVD and surface temperature measurement in an argon 
atmosphere have not been done for this thesis work and proposed for future work.  Hence, 
Cr doped alumina films have been used for surface temperatures in-situ measurement. 
However, Cr doped films are produced by Sol Gel technique. This approach may help to 
gain a deeper understanding of the growth mechanism in PECVD processes. However, 
due to our best knowledge the optical measurement of surface temperatures by thermo 
graphic phosphor coatings within a plasma environment is shown here for the first time. 
 
Figure 62: Scheme of modeling thin films 
 
6.3. Measurement of surface temperature in H2 
plasma environment 
 
A relatively new and promising method for measuring surface temperatures under 
challenging conditions or in radioactive environments like in plasma is the use of thermo 
graphic phosphor (TP) coatings. Usually, TP’s are rare earth doped or transition metal 
doped ceramic materials, whose phosphorescence decay time, total intensity and spectral 
distribution, following an excitation, are temperature dependent. So, if a specimen is 
coated with such a material, its temperature can be determined by measuring and 
evaluating the luminescence properties after laser light or flash lamp excitation. Thereby, 
often the temperature dependent decay time of the phosphorescence is evaluated. 
Recently, Pflitsch et al have shown that thin chromium doped Al2O3 (ruby) are very 
promising candidates for that application [162-165], because their phosphorescence 
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intensity is extremely high and therefore, easy to measure. Furthermore, the 
phosphorescence characteristics and thus the surface temperatures can be easily 
determined by exciting the samples with a simple LED setup [165].      
 
Figure 63: The experimental setup for phosphorescence lifetime measurement, 
consisting of 1-LED, 2-Filter, 3-lenses, 4-Specimen, 5- ICP-CVD-reactor, 6-Lenses, 7-
Filter (RG6 65), 8-Photomultiplier, 9-Oscilloscope, 10-LED-controller 
 
In the present study Sol-Gel-technique, prepared thin chromium doped Al2O3 films were 
used as a test specimen. The coating procedure is described in detail in reference [14]. 
The chromium concentration within the films was 1.1 %. It is reported that 1.1% is the 
most useful dopant-concentration for the application as the surface temperature sensor 
[164].  
Prepared samples were mounted on the sample holder within the ICP-reactor and 
subsequently optically analyzed by the setup shown in Figure 63. The phosphorescence 
was excited by a pulsed UV-light LED emitting at 375 nm (maximum power 285 mW). 
The light was focused on the specimen using two lenses, while a band pass filter (312nm 
<  < 530nm) was used to block the UV-LED emission in the red spectral region. The 
phosphorescence emitted by the sample after UV excitation was focused by a condenser 
through a low ass filter (RG 665) on a photomultiplier. Finally, the electronic signal from 
the PM tube was then measured and stored by a digital oscilloscope. 
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6.3.1. Spectral Analysis 
 
In order to analyze the emission of running hydrogen/oxygen plasma the following 
experiment was carried out: The ICP-reactor was floated with constant flows of hydrogen 
(100 sccm) and oxygen (100 sccm) while the pressure was kept constant at 0.23 mbar.  
 
Figure 64: Spectra of (a) a H2 -O2 mixture plasma (H2:O2=1:1) running at 150 W power 
and 0.23 mbar, and (b) the phosphorescence of a thin ruby film which was excited by 
UV-light at 375 nm. 
 
A plasma was ignited then by using a microwave power supply running at 150 W, and the 
light emitted was subsequently analyzed by a high resolution spectrometer. A large 
number of sharp transitions are observed in that spectrum (Figure 64), which is typically 
for the plasma emission of a hydrogen/oxygen mixture. The strongest emission is 
observed at 656 nm.  
Furthermore, the phosphorescence of several prepared thin ruby films was analyzed. 
After UV-light excitation, they show two rather sharp phosphorescence emissions at 
around 693.0 nm and 694.0 nm (Figure 64b), which are the so-called R-lines of ruby. 
These transitions are measured in the following section for calculating the surface 
temperature. However, the spectrum of the hydrogen plasma contains no transition in the 
range between 658 nm and 714 nm, and thus the emitted phosphorescence light of the 
ruby film used for surface temperature analysis is not disturbed by any plasma emission. 
Consequently, it can be measured separately by using adequate optical filters or a 
monochromator. Nevertheless, it is in principle possible that the phosphorescence of ruby 
is also excited by the plasma itself; but as the LED-excitation is pulsed and the plasma is 
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running steadily the phosphorescence induced by the LED-excitation is easily separated 
from the phosphorescence induced by the plasma; the latter one is just an offset to the 
signal. In order to measure the phosphorescence lifetime of a thin ruby film mounted 
within the hydrogen/oxygen plasma environment (150 W power, 0.23 mbar, H2:O2=1:1), 
the equipment shown in Figure 63 was used.  
 
Figure 65: Phosphorescence of thin ruby films measured in a hydrogen plasma 
environment as a function of time (a) on a linear scale and (b) on a logarithmic scale. 
For t between 0.00s and 0.025s the LED was switched on and for t between 0.025s and 
0.007s the LED was switched off. The shown curves are the averages over 200 pulses. 
The dashed curve was fitted to the experimental data. 
 
In this case, the ruby phosphorescence was excited by LED pulses of 0.025s pulse 
duration. The resulting phosphorescence intensity is shown in Figure 65 as a function of 
time, (a) on a linear scale and (b) on a logarithmic scale. For times between 0.00s and 
0.025s the LED was switched on; one can observe a steadily increasing phosphorescence 
intensity, which is then becoming saturated at around 0.01 s. After the LED is switched 
off (t=0.025 s), the phosphorescence intensity decreases with time. It is easily seen on the 
linear scale (Figure 65 a) but better on the logarithmic scale (Figure 65 b), that the 
phosphorescence is decreasing exponentially with time. Thus, an exponential decay can 
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be fitted to the curve (dashed line in Figure 65b) from which the phosphorescence 
lifetime is deduced (for further details of the fitting routine see refs [163, 165]). 
In the present case the fitted lifetime  is 266 s. The lifetime is strongly temperature 
dependent and thus the film temperature can be calculated from the lifetime. Calibration 
experiments which we performed recently [162, 164] reveal a film temperature of about 
346°C corresponding to the measured lifetime of 266 s. Thus the actual surface 
temperature of the specimen is around 320°C higher than the temperature of the sample 
holder and surrounding walls of the CVD chamber which are at RT. Obviously, the 
specimen is heated by the running plasma. 
Summary 
 
Hence it is concluded that aluminium oxide amorphous and crystalline films can be 
deposited by a using metal organic precursor. Thin films of doped -Al2O3 can be used as 
thermo graphic phosphor coatings for optical surface temperature measurement under 
challenging conditions, such as moving objects or radioactive environments. Here, it is 
shown that surface temperature can be measured by this approach in a running plasma 
environment.  
In future it is possible to deposit single phase α aluminium oxide films at low substrate 
temperatures however further research is required to tailor the plasma parameters which 
match the energy required for the formation of α Al2O3. 
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Summary and Future Prospects 
 
Graphene based nanostructures are worth investigating because of its unique properties 
like high charge mobility and chemically inertness. One of the emerging structures from 
this family is carbon nanowalls. CNWs can be produced by ICP−CVD using metal 
organic precursor on a different substrate like silicon and steel. This is the first 
investigation of the production of carbon nanowalls without using additional catalyst and 
reactive gases. It can be deposited at various substrate temperatures (RT-800
o
C). As an 
application, carbon nanowalls are promising as electric field emitters [150]. Laser-
structured CNW cathodes have been successfully fabricated on both Si and stainless steel 
substrates. In brief, the work can be summarized as follows:  
 
 SEM studies explain that the size of the carbon wall is influenced by various 
plasma parameters like substrate temperature, argon flow, and plasma power. 
 
 EDX, SIMS show that aluminium content inside the film can be controlled by 
flow of argon gas, and it also significantly influences the size of the walls.  
 
 Raman analysis shows the typical CNWs peaks at high ID/ IG ratio and is reported 
as the smallest size of CNW until now. 
 
 TEM images conclude that there are some crystallite inclusions inside the 
graphitic matrix. It is evident from XPS that the crystalline inclusions are nothing 
but aluminium carbide (Al4C3). 
 
 The measured effective electric field of the film is 3.7 V/m (for 1 A), hence it 
has applications as a cold cathode, however, CNW-blocks are emitted at an 
average field level of a 22 V/µm.  
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 The structured CNW-cathode showed a visible alignment and a moderate 
homogeneous emission. There is some degradation of homogeneity that can be 
explained by the variation of the shape of the CNW blocks. 
The interesting investigation was also to produce aluminium oxide films by using the 
same method described and adding oxygen gas during the deposition. Thin films of doped 
-Al2O3 can be used as thermo graphic phosphor coatings for optical surface temperature 
measurement under challenging conditions, such as moving objects or radioactive 
environments. Here, it is shown that the surface temperature can be measured by this 
approach in a running plasma environment. 
In future, the structuring of CNWs for device fabrication is possible. The work intends to 
signify that CNWs can be produced by different metal organic precursors like titanium 
metal organic precursor etc. To explore the properties of CNWs synthesized by different 
sources, it will be worth investigating in the field of graphene-based nanostructures. The 
initial results of field emission of CNWs sample are encouraging, but further optimization 
is required to exploit their full potential for device applications.  In the direction of 
aluminium oxide, it is possible to deposit single phase α aluminium oxide films at low 
substrate temperatures. However, further research is required to tailor the plasma 
parameters that match the energy required for the formation of α Al2O3. 
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ASTeX        Applied Science and Technology, Inc 
CCD          Charge Coupled Device 
CNT          Carbon nanotube 
CNWs          Carbon nanowalls  
CVD          Chemical Vapur deposition  
DC Plasma      Direct Current Plasma 
ED            Energy-Dispersive X-ray Spectroscopy 
FEG           Field Emission Gun 
FES           Field Emission Scanning Microscope 
HFCV         Hot Filament CVD 
HRTEM        High Resolution Tunneling Electron Microscope 
ICP-CVD       Inductively Coupled Plasma Enhanced CVD 
IMLS          Integral measurement system with luminescent screen  
LED.          Light Emitting Diaode 
MBE          Molecular Beam Epitaxy  
MFC          Mass Flow Controller  
MWPECVD    Microwave plasma enhanced CVD 
NIRIM         National Institute of Research of Inorganic Materials 
NRA           Nuclear Resonance Analysis 
NEA          Negative Electron Affinity 
PECVD        Plasma Enhanced Chemical vapor deposition  
PMMA        Poly Methyl Methacrylate 
PVD          Physical Vapor Deposition 
RF power       Radio Frequency Power 
SEM          Scanning Electron Spectroscopy 
SIMS          Secondary Ion Mass Spectroscopy 
STM          Scanning Tunneling Microscope  
TEM          Tunneling Electron Microscope 
TP            Thermographic Phosphor 
XPS           X-ray Photon Spectroscopy 
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